Evaluación y mejora de la sostenibilidad de Sistemas producto- servicio con un enfoque de flujos entre sistemas by Muñoz López, Natalia et al.
2021 72
Natalia Muñoz López
Evaluación y mejora de la
sostenibilidad de Sistemas
producto- servicio con un enfoque
de flujos entre sistemas
Director/es
Santolaya Sáenz,  José Luis
Biedermann,  Anna María




EVALUACIÓN Y MEJORA DE LA SOSTENIBILIDAD
DE SISTEMAS PRODUCTO- SERVICIO CON UN
ENFOQUE DE FLUJOS ENTRE SISTEMAS
Director/es
Santolaya Sáenz,  José Luis




Repositorio de la Universidad de Zaragoza – Zaguan   http://zaguan.unizar.es
UNIVERSIDAD DE ZARAGOZA
Escuela de Doctorado

























































































Este	 trabajo	 de	 investigación	 tiene	 como	 objetivo	 contribuir	 al	 desarrollo	 de	 métodos	 de	
evaluación	y	mejora	de	la	sostenibilidad	de	Sistemas	Producto-Servicio	(PSS).	Estudios	previos	










económicos	 y	 sociales,	 a	 la	 que	 se	 añaden	 aspectos	 específicos	 relacionados	 con	 la	
combinación	 de	 varios	 sistemas.	 Y	 se	 aplican	métodos	 de	 diseño	 sostenible	 que	 tienen	 en	







y	 se	 identifican	 los	 factores	 con	 mayor	 impacto.	 Además,	 se	 pretende	 mejorar	 la	
sostenibilidad	 de	 cada	 PSS	 planteando	 una	 serie	 de	 estrategias.	 Se	 evalúan	 los	 sistemas	
proyectados	 teniendo	 en	 cuenta	 estas	 estrategias	 y	 se	 comparan	 con	 el	 sistema	 inicial.	




























The	 aim	 of	 this	 research	 work	 contributes	 to	 develop	 sustainability	 assessment	 and	
improvement	methods	of	Service-	Product	Systems	(PSS).	According	to	previous	studies,	PSS	
are	considered	as	potential	 solutions	 to	 sustainability	 challenge,	however	criteria,	methods	
and	tools	to	support	this	hypothesis	are	required.	
	
First,	 the	 sustainability	 concept,	 methods	 and	 tools	 used	 to	 assess	 the	 sustainability	 of	
products	and	services	and	the	studies	already	carried	out	in	this	kind	of	systems	are	revised.	
Moreover,	the	studies	focused	on	PSS	definition	and	assessment	are	reviewed.	A	methodology	
scheme	 is	developed	 to	perform	 the	PSS	 sustainability	assessment	and	 improvement	using	
flows	between	systems	approach.	The	systems	that	are	part	of	a	PSS	and	relations	between	








impact	 factors	 are	 identified.	 Moreover,	 a	 range	 of	 strategies	 are	 raised	 to	 improve	 the	
sustainability	of	each	PSS.	The	sustainability	of	planned	systems	is	assessed	and	compared	with	
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estudios	 desde	 mediados	 del	 siglo	 XX.	 En	 1972,	 siguiendo	 los	 postulados	 de	 Malthus,	 la	
publicación	del	libro	The	limits	to	growth	(Meadows	et	al.,	1972)	generó	un	gran	impacto	sobre	
la	 opinión	pública	 e	 impulsó	 el	movimiento	 ecologista.	 Alertaba	 sobre	 las	 consecuencias,	 en	








1.1	muestra	 los	 datos	 publicados	por	 la	Agencia	 Europea	de	Medioambiente	 (EEA)	 en	 2020,	
procedentes	 de	 cuatro	 fuentes	 independientes.	 Se	 observa	 claramente	 el	 incremento	 de	 la	
temperatura	a	nivel	global	sobre	la	superficie	de	la	Tierra.	Desde	el	periodo	pre-industrial	hasta	
la	actualidad,	el	aumento	detectado	en	la	temperatura	es	de	1.2°C.	Este	incremento	va	asociado	
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el	 Medio	 Ambiente	 (UNEP),	 aparece	 por	 primera	 vez	 en	 los	 foros	 internacionales	 en	 1980,	
aunque	no	 llega	a	consolidarse	hasta	 la	publicación	del	 informe	Our	Common	Future	 (WCED,	
1987),	en	el	que	se	define	como:	
“Aquél	 que	 satisface	 las	 necesidades	 actuales	 de	 las	 generaciones	 presentes	 sin	
comprometer	 la	 capacidad	 de	 las	 generaciones	 futuras	 para	 satisfacer	 sus	 propias	
necesidades”.		
	
En	 1992	 se	 celebra	 la	 Cumbre	de	 la	 Tierra	 de	Rio	 de	 Janeiro	 donde,	 a	 nivel	 global,	 se	
asientan	las	bases	del	desarrollo	sostenible	y	se	elabora	la	Agenda	21,	un	programa	de	acción	





Diferentes	 autores	 han	 analizado	 este	 concepto	 y	 sus	 implicaciones.	Dalal-Clayton	 and	
Bass,	(2002)	consideran	que	'desarrollo	sostenible'	es	lograr	un	desarrollo	económico	y	social	
sin	degradar	el	ambiente	a	niveles	irreversibles	y	protegiendo	los	derechos	y	oportunidades	de	
las	 generaciones	 venideras.	 Para	 Leff	 (2010),	 la	 sostenibilidad	 es	 el	 límite	 que	 reorienta	 el	
proceso	civilizatorio	de	la	humanidad.	Según	Bermejo	et	al.	(2010),	desarrollo	sostenible	es	el	
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marco	 que	 contiene	 17	Objetivos	 de	Desarrollo	 Sostenible	 (ODS)	 para	 la	 transformación	 del	
mundo	(A/69/L.85_2015).	En	2019	se	celebra	por	primera	vez	 la	 llamada	Cumbre	ODS	de	las	





Aplicar	criterios	ambientales	en	el	desarrollo	de	actividades	 implica	evaluar	 los	 impactos	
que	 generan	 estas	 actividades	 y	 plantear	 estrategias	 para	 minimizarlos.	 La	 mayoría	 de	 los	
estudios	de	evaluación	de	impacto	ambiental	utilizan	la	metodología	basada	en	el	ciclo	de	vida.	
Según	 Zamagni	 et	 al.,	 (2013)	 el	 enfoque	 de	 ciclo	 de	 vida	 es	 un	 inestimable	 apoyo	 para	 la	
integración	de	 la	 sostenibilidad	en	diseño,	 innovación	 y	 evaluación	de	productos	 y	 servicios.	





de	 Vida	 ("Life	 Cycle	 Assessment",	 LCA)	 no	 se	 establece	 hasta	 1993	 cuando	 the	 Society	 of	
Environmental	 Toxicology	 and	 Chemistry	 (SETAC)	 formula	 el	 primer	 código	 internacional	 de	
homogeneización	y	define	LCA	de	la	siguiente	forma:		
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La	 Organización	 Internacional	 para	 la	 Estandarización	 (ISO)	 define	 los	 procedimientos	 y	
desarrolla	la	metodología	para	aplicar	LCA,	(ISO-14040,	2006a,	2006b).	Un	LCA	se	compone	de	
cuatro	fases	principales	(Figura	1.3):	i)	Definición	de	alcance	y	objetivos;	ii)	Análisis	de	inventario;	






El	 ciclo	 de	 vida	 de	 un	 sistema	 producto	 está	 constituido	 por	 un	 conjunto	 de	 fases.	 ISO	
(2006a)	define	el	ciclo	de	vida	como	una	secuencia	de	etapas	interconectadas	que	comienzan	




intermedios	 (productos,	 materiales	 o	 energía)	 que	 intervienen	 entre	 procesos	 unitarios.	
Además,	otros	sistemas	fuera	de	los	límites	de	estudio,	pueden	generar	un	flujo	de	productos	
de	entrada	o	salida.		
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requiere	 aplicar	 factores	 de	 ponderación	 que	 valoren	 la	 importancia	 relativa	 de	 cada	
categoría.		
	
Una	 de	 las	 categorías	 de	 impacto	 evaluada	 en	 todos	 los	 estudios	 es	 el	 potencial	 de	
calentamiento	 global	 o	 cambio	 climático	 (Global	 Warming	 Potential,	 GWP).	 Se	 refiere	 a	 la	
alteración	de	 la	 temperatura	global	del	planeta	causada	por	 los	gases	de	efecto	 invernadero	
(CO2	y	otros	gases	como	CH4,	NO2	y	HFCs).	Puesto	que	intervienen	diferentes	tipos	de	gases,	es	
necesario	aplicar	 factores	de	conversión	que	transformen	 las	emisiones	en	un	sólo	 indicador	
(Zabalza,	 2010).	 La	 evaluación	 de	 impactos	 ambientales	 se	 realiza	 habitualmente	 utilizando	
herramientas	 específicas	 de	 cálculo,	 capaces	 de	 administrar	 convenientemente	 los	 datos	 de	
entrada	proporcionados	por	 el	 usuario	 al	 realizar	 el	 inventario	 y	 de	presentar	 los	 resultados	
finales	de	impacto	ambiental	a	través	de	un	conjunto	de	indicadores.	Para	ello,	se	apoyan	en	
bases	 de	 datos	 (Ecoinvent,	 Agri-footprint,...)	 que	 incluyen	 indicadores	 unitarios	 de	 amplia	
variedad	de	materiales	y	recursos.	Algunas	de	las	herramientas	más	utilizadas	se	muestran	en	la	
Tabla	1.1.		
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metodología	 LCSA	 (Life	 Cycle	 Sustainability	 Assessment)	 que	 combina	 tres	 técnicas	 de	
evaluación:	 E-LCA	 (Environmental	 Life	 Cycle	 Assessment),	 que	 se	 centra	 en	 los	 aspectos	
medioambientales,	LCC	(Life	Cycle	Costing)	que	evalúa	los	aspectos	económicos	y	S-LCA	(Social	
Life	Cycle	Assessment)	que	analiza	el	impacto	sobre	organizaciones	y	agentes	sociales.		
Este	 planteamiento,	 basado	 en	 la	 determinación	 simultánea	 de	 impactos	 ambientales,	
económicos	y	sociales	(Figura	1.5)	es	expresado	como:	LCSA	=	LCA	+	LCC	+	S-LCA.	
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actores	 de	 la	 cadena	 de	 valor.	 Esta	 última	 categoría	 pretende	 capturar	 el	 impacto	 de	 las	
relaciones	 entre	 productores	 y	 proveedores.	 Se	 considera	 que	 una	 clasificación	 de	 impactos	
basada	en	agentes	sociales	proporciona	una	base	más	sólida	para	desarrollar	un	S-LCA	y	es	más	
fácil	 de	 consensuar.	 No	 obstante,	 otras	 clasificaciones	 basadas	 en	 las	 directrices	 del	 Global	
Reporting	Initiative	(GRI)	pueden	ser	encontradas	en	la	literatura	científica	(Benoît-Norris	et	al.,	
2011).	Consideran	grandes	temas	sociales	tales	como	los	derechos	humanos,	las	condiciones	de	
trabajo	 o	 la	 salud	 y	 seguridad,	 para	 establecer	 categorías	 de	 impacto,	 por	 lo	 que	 aportan	
información	complementaria.		
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Un	 punto	 crítico	 en	 la	 realización	 de	 un	 LCSA	 es	 la	 selección	 de	 indicadores.	Kloepffer,	
(2008)	 destaca	 la	dificultad	que	puede	entrañar	 su	 cuantificación,	particularmente	en	S-LCA,	
donde	muchos	aspectos	sociales	son	difíciles	de	medir.	Los	indicadores	se	pueden	clasificar	en	
cuantitativos,	 semi-cualitativos	 y	 cualitativos.	 En	 general,	 LCA	 y	 LCC	 utilizan	 indicadores	
cuantitativos.	Sin	embargo,	S-LCA	maneja	gran	cantidad	de	datos	de	 tipo	semi-cuantitativo	y	






consideran	 que	 utilizar	 un	 solo	 indicador	 que	 agrupe	 resultados	 de	 diferentes	 dimensiones	
facilita	la	interpretación	y	comparación	de	resultados	y	lo	aplican	en	sus	estudios	(Ediger	et	al.,	
2007;	Zhang	et	al.,	2009).	En	este	último	caso,	los	criterios	aplicados	para	realizar	la	ponderación	
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el	 carácter	multidimensional	 de	 un	 LCSA,	Ren	et	 al.,	 (2015)	 desarrollan	 una	metodología	 de	
evaluación	de	la	sostenibilidad	basada	en	el	análisis	de	jerarquías	(Analytic	Hierarchy	Process,	
AHP)	 y	 la	 toma	de	decisiones	multi-criterio	 (Multicriteria	Decision-Making,	MCDM).	Además,	
















producto	a	 lo	 largo	de	todo	su	ciclo	de	vida,	desde	 la	obtención	de	materias	primas	hasta	su	
tratamiento	final.	Por	tanto,	las	herramientas	que	se	emplean	en	su	implementación	se	basan	
en	un	enfoque	de	ciclo	de	vida.	Brezet	and	van	Hemel	(1997)	en	su	publicación	"Ecodesign:	a	
promising	 approach	 to	 sustainable	 production	 and	 consumption"	 proponen	 organizar	 el	
desarrollo	de	un	proyecto	de	eco-diseño	en	siete	etapas.	En	cada	una	de	ellas	se	realizan	diversas	
actividades,	tal	y	como	se	detalla	en	la	Tabla	1.3.	Otra	forma	de	organizar	el	proceso	de	Eco-
diseño	 es	 propuesta	 por	 Wenzel	 et	 al.,	 (1997).	 Se	 basa	 en	 cuatro	 etapas:	 concreción,	
especificación,	síntesis	y	verificación,	y	es	también	la	estructura	que	se	sugiere	desde	la	SETAC.		
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El	 diseño	 de	 servicios	 eco-eficientes	 también	 ha	 sido	 abordado.	 Brezet	 et	 al.,	 (2001)	
proponen	una	metodología	que	busca	el	mínimo	impacto	medioambiental,	uso	de	recursos	y	de	
espacio,	 mientras	 se	 crea	 el	 máximo	 valor	 añadido	 para	 los	 diferentes	 agentes	 sociales	
implicados.	 Consta	 de	 un	 marco	 de	 trabajo	 para	 estructurar	 y	 comunicar	 las	 diferentes	
actividades,	 reglas	 y	 herramientas	 necesarias	 para	 conseguir	 exitosamente	 un	 servicio	 eco-
eficiente.	Se	pueden	distinguir	6	fases	(Figura	1.6):	
1) Exploración.	Se	obtiene	la	idea;		
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Tienen	 como	objetivo	 evaluar	 impactos	 ambientales.	 Permiten	 comparar	 los	 impactos	 de	
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largo	de	 las	diferentes	etapas	del	ciclo	de	vida	del	producto	 (Figura	1.7).	A	 través	de	esta	
herramienta	se	puede	comparar	el	perfil	ambiental	de	un	producto	existente	con	el	obtenido	











(2003)	 combina	 QFD	 (Quality	 Function	 Deployment)	 y	 diseño	 para	 el	 ciclo	 de	 vida	 del	
producto	 para	 desarrollar	 la	 herramienta	 G-QFD	 (Green	 Quality	 Function	 Deployment).	
Lagerstedt	et	al.,	 (2003)	proponen	 la	matriz	eco-funcional	 como	herramienta	para	que	el	
diseñador	visualice	 las	relaciones	entre	criterios	 funcionales	y	criterios	medioambientales.	
0.  New concept development
Dematerialization
Shared use of  the product
Integration of  functions
Optimization of  product function
1.  Selection of low-impact materials 
Non-hazardous materials 
Non-exhaustable materials
Low energy content materials 
Recyclable materials
2.  Reduction of materials 
Reduction in weight
Reduction in volume
3.  Optimization of production techniques 
Alternative production techniques 
Fewer production processes
Low/clean energy consumption
Low generation of  waste
Few/clean production consumables
4. Efficient distribution system
Less/clean packaging    
Ef f icient transport mode
Eff icient logistics 
5. Reduction of the environmental 




No energy/auxiliary material use
6.  Optimization of the initial life-time 
Reliability and durability
Easy maintenance and repair
Modular and adaptable product structure 
User taking care of  product
7.  Optimization of end-of-life system
Reuse of  product
Remanufacturing/ refurbishing
Recycling of  materials
Initial product
New product 
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Según	Andriankaja	 et	 al.,	 (2015)	 las	 herramientas	 de	 evaluación	 y	mejora	 ambiental	 se	
pueden	clasificar	en	diferentes	grupos	(Tabla	1.4).	En	el	caso	de	las	herramientas	de	evaluación,	
el	 grado	de	profundidad	y	de	 cuantificación	en	 la	evaluación	de	 impactos	ambientales	 se	 va	
reduciendo	progresivamente	desde	el	primer	grupo	(LCA	completo)	hasta	el	último	(listas	de	
verificación).	 En	 el	 caso	 de	 las	 herramientas	 de	 mejora,	 los	 dos	 primeros	 grupos	 incluyen	










son,	 en	 gran	 parte,	metodologías	 de	 Eco-diseño	 evolucionadas,	 principalmente	 orientadas	 a	
diseño	 de	 producto,	 con	 una	 planificación	 de	 actividades	 y	 utilización	 de	 herramientas	 de	
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Basada	 en	 una	 estructura	muy	 definida	 de	 tareas	 y	 actividades,	Crul	 and	Diehl,	 (2009),	
proponen	la	guía	de	diseño	para	la	sostenibilidad	(Design	For	Sustainability,	D4S).	Esta	guía	tiene	
como	objetivo	integrar	la	sostenibilidad	en	el	proceso	de	diseño	y	para	ello	se	apoya	en	cuatro	
actividades	 principales:	 planteamiento	 de	 objetivos,	 generación	 de	 ideas,	 desarrollo	 y	
realización	(Figura	1.9).	
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los	 factores	 que	 generan	mayor	 impacto.	 En	 la	 etapa	 2)	 Rediseño	 de	 producto,	 se	 plantean	
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2)  Rediseño de
producto









- Selección de materiales 
de bajo impacto
- Reducción de material
- Optimización de las 
técnicas de producción,... Producto 
mejorado
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un	marco	 de	 evaluación	 de	 la	 sostenibilidad	 integrado	 por	 tres	 dimensiones.	 Los	 productos	
analizados	implican	diferentes	ámbitos	y	sectores	industriales.	En	cada	caso,	se	indica	la	unidad	
funcional,	 que	 permite	 expresar	 y	 comparar	 los	 resultados	 de	 sostenibilidad.	 El	 objetivo	 de	
muchos	 trabajos	 sigue	 siendo	 comparar	 diferentes	 alternativas	 de	producto	o	 escenarios	 de	
desarrollo.	En	los	estudios	revisados	se	puede	apreciar	que	se	ponen	en	práctica	varias	técnicas	
de	evaluación:	(a)	LCA;	(b)	LCC;	(c)	S-LCA,	para	determinar,	respectivamente,	los	impactos	en	la	
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Tradicionalmente,	 los	 productos	 han	 sido	 el	 foco	 de	 las	 actividades	 de	 producción	 y	
comercialización,	 mientras	 que	 los	 servicios	 eran	 planteados,	 en	 muchos	 casos,	 como	 un	








productos	 o	 servicios	 a	 otras	 empresas,	 entidades	 públicas	 o	 consumidores	 individuales.	 La	
mayoría	de	empresas	trabajan	principalmente	con	este	tipo	de	sistemas	ya	que	consideran	que	
las	 necesidades	 de	 usuarios	 y	 consumidores	 pueden	 satisfacerse	 de	 dos	 modos	 diferentes:	
mediante	el	uso	de	productos	o	la	provisión	de	servicios	(Ashford	and	Hall,	2011).		
	




demanda,	 de	 naturaleza	 inmaterial	 y	 que	 se	 consumen	 de	manera	 inmediata	 (Mont,	 1999;	
Stahel,	2000;	Normann,	1984).	Productos	y	servicios	son	formas	de	satisfacción	que	involucran	
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A	nivel	 teórico,	 algunos	 autores	 (Fisk	 et	 al.,	 1993;	 Clow	and	Kurtz,	 1998)	 plantean	 que	
existen	cuatro	características	principales	que	describen	la	naturaleza	de	los	servicios	y	permiten	
la	 distinción	 entre	 productos	 y	 servicios.	 Estas	 características	 son:	 intangibilidad,	
inseparabilidad,	 variabilidad	 y	 perecederabilidad.	 La	 inseparabilidad	 tiene	 en	 cuenta	 que	 la	
producción	y	el	consumo	son	etapas	simultáneas	en	el	desarrollo	del	servicio,	la	variabilidad	se	








cliente	 y	 el	 proveedor.	 Y	 definen	 un	 sistema	 servicio	 puro	 como	 un	 sistema	 en	 el	 que	 el	





encuentran	 en	 el	 tiempo	 de	 ejecución	 (mucho	 más	 corto	 en	 servicios),	 la	 capacidad	 de	
adaptación	 al	 entorno	 (mayor	 adaptación	 en	 servicios),	 el	 cumplimiento	 de	 especificaciones	
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se	 proporcionarán	 los	 servicios	 (limpieza,	 calefacción,	 …)	 así	 como	 la	 formación	 de	 los	
proveedores	 del	 servicio.	 Finalmente,	 el	 desplazamiento	 se	 refiere	 al	 movimiento	 de	 los	
consumidores	y	los	proveedores	del	servicio	para	poder	llevarlo	a	cabo.		
	
De	 esta	manera,	 los	 servicios	 son	 consumidores	 importantes	 de	 recursos	materiales.	 Al	
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satisfacción	 de	 la	 función	 o	 en	 valor	 económico.	 Brezet	 et	 al.,	 (2001)	 hace	 referencia	 a	 su	
potencial	para	reducir	el	impacto	medioambiental	y	obtener,	a	la	vez,	un	máximo	valor	añadido.	
Hockerts	 and	Weaver,	 (2002)	 apuntan	 que	 en	 un	 PSS	 el	 derecho	 de	 propiedad	 permanece	
distribuido	entre	cliente	y	proveedor.	Mont,	(2002)	define	PSS	como	un	sistema	de	productos,	
servicios,	redes	e	infraestructuras	de	apoyo	que	es	diseñado	para	ser	competitivo,	satisfacer	las	
necesidades	 del	 consumidor	 y	 tener	menor	 impacto	 ambiental	 que	 los	modelos	 de	 negocio	
tradicionales.	
	
Según	Mont,	 (2002)	 los	 actores	 principales	 de	 un	 PSS	 son:	 el	 cliente	 o	 usuario	 final,	 el	
proveedor,	 los	actores	con	un	rol	 intermedio	y	otros	stakeholders,	 internos	y	externos,	de	 la	
empresa	o	institución.	De	esta	forma,	el	proceso	de	diseño	de	un	PSS	no	solo	conlleva	el	diseño	
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A	esta	definición	Brandstötter	et	al.	 (2003)	añaden	 la	capacidad	de	 los	PSS	para	alcanzar	un	
desarrollo	sostenible.	Tukker	and	Tischner,	(2006a)	definen	PSS	como	una	mezcla	de	productos	
tangibles	 y	 servicios	 intangibles	 diseñados	 y	 combinados	 para	 satisfacer	 las	 necesidades	 del	
consumidor.	Baines	et	al.	(2007)	señalan	que	un	PSS	ofrece	la	oportunidad	de	separar	el	éxito	
económico	 del	 consumo	 material	 y,	 por	 lo	 tanto,	 reduce	 el	 impacto	 medioambiental	 de	 la	
actividad	 económica.	 De	 acuerdo	 con	 Bohem	 and	 Thomas,	 (2013)	 un	 PSS	 es	 un	 conjunto	









Lay	 et	 al.,	 (2009)	 desarrollan	 un	marco	 de	 trabajo	 para	 describir	 los	 PSS	 (Figura	 1.13).	
Establece	los	siguientes	elementos	para	su	caracterización:	propiedad	(durante	o	después	del	

























(Baines et	al.,	2007;	Gao et	al.,	 2009)
Capítulo 1. Introducción 





















ya	 que	 el	 componente	 servicio	 introduce	 otras	 necesidades	 que,	 en	 un	modelo	 de	 negocio	
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Geng	 et	 al.,	 (2011,	 2010a,	 b)	 sugieren	 otro	 método	 de	 diseño	 de	 PSS	 que	 destaca	 la	
evaluación	 cuantificada	 de	 las	 necesidades	 del	 consumidor	 y	 las	 características	 ingenieriles.	
Clayton	et	al.,	 (2012)	y	Pezzotta	et	al.,	 (2012)	 señalan	que	el	proceso	de	diseño	es	 cíclico	e	
iterativo.	Por	su	parte,	Akasaka	et	al.,	(2012)	proporcionan	una	metodología	de	diseño	de	PSS	












de	 coches,	 servicios	 de	 limpieza	 en	 vez	 de	 detergente	 de	 limpieza	 y	 películas	 en	 vez	 de	





lo	 que	 el	 modelo	 de	 negocio	 todavía	 está	 orientado	 principalmente	 a	 la	 venta	 de	
productos.	 Sin	 embargo,	 la	 empresa	 proporciona	 algunos	 servicios	 adicionales	 (ej.:	
protección	o	mantenimiento).	




- Sistemas	orientados	al	 resultado:	el	beneficio	principal	es	el	 resultado	prestado,	que	
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más	 sostenibles	 que	 respondan	 a	 las	 demandas	 económicas	 de	 la	 sociedad	 actual	 (Ceschin,	
2013;	Vezzoli	et	al.,	2014;	Tukker,	2015;	Pigosso	and	McAloone,	2016).	En	 la	última	década,	
varios	 trabajos	 de	 investigación	 tienen	 como	 objetivo	 poner	 en	 práctica	 metodologías	 que	
permitan	diseñar	PSS	más	 sostenibles.	Vezzoli	 et	 al.,	 (2014)	 definen	el	Diseño	 Sostenible	de	
Sistemas	 Producto-Servicio	 como	 el	 diseño	 de	 sistemas	 capaces	 de	 prestar	 una	 'unidad	 de	
satisfacción'	 a	 partir	 de	 interacciones	 innovadoras	 entre	 stakeholders	 y	 donde	 el	 interés	







largo	 de	 estos	 últimos	 años,	 algunos	 trabajos	 de	 investigación	 ya	 han	 comenzado	 a	 aplicar	
metodologías	de	evaluación	de	la	sostenibilidad	en	sistemas	servicio.	En	la	Tabla	1.10	se	recogen	
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Analytic Hierarchy Process 
Building for Environmental and Economic Sustainability 
Conventional Design Process  
Center of Environmental Science of Leiden University 
Design For Sustainability  
Environmental European Agency 
Life Cycle Inventory Database 
Ecological - Package 
Environmental Design of Industrial Product 
Eco-indicator 99 










Life Cycle Innovation and Management for SMEs (EuP and EEE) 
Webbased Screening Life Cycle Assessment Tool for European SMEs 
Ganzheitliche Bilanzierung 
Goddard Institute for Space Studies Temperature  
 Global Reporting Initiative 
Green Quality Function Deployment  
Global Warming Potential 
Hadley Climatic Research Unit Temperature 
Integrated Sustainable Engineering Design Process 
ISO 
KCL-ECO 
International Organization for Standardization 






















Life Cycle Assessment 
Life Cycle Cost 
Life Cycle Sustainability Assessment 
Lifecycle Design Strategies  
Metodología de Evaluación de Impacto 
Materials, Energy and Toxic emissions  
Multicriteria Decision-Making  
National Oceanic and Atmospheric Administration 
 Objetivos de Desarrollo Sostenible 
Open Life Cycle Assessment 
Product-Service System 
Quality Function Deployment  
Sustainable Design Process  
Society of Environmental Toxicology and Chemistry 
System for Integrated Environmental Assessment of Products 
Social Life Cycle Assessment 
Sustainable Systems Triangle  
Triple bottom line 
United Nations Conference on Environment and Development 
United Nations Environment Programme 
World Commission on Environment and Development 
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interviene	en	un	PSS	 y	 determinar	 los	 factores	que	 causan	mayor	 impacto.	 Para	 ello	 se	
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ISO	 (2006a)	 define	 el	 ciclo	 de	 vida	 como	 una	 secuencia	 de	 etapas	 interconectadas	 que	
comienzan	 con	 la	 extracción	 de	materia	 prima	 o	 creación	 del	 producto	 a	 partir	 de	 recursos	








el	 estudio	 de	 la	 etapa	 operativa.	 Puesto	 que	 en	 un	 PSS	 intervienen	 tanto	 productos	 como	
servicios,	para	evaluar	la	sostenibilidad	de	PSS	es	necesario	tener	en	cuenta	los	ciclos	de	vida	de	





1.	 La	 etapa	 de	 uso,	 donde	 se	 lleva	 a	 cabo	 el	 objetivo	 primordial	 de	 ese	 producto,	 es	 decir,	
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para	 describir	 su	 estructura	 y	 las	 relaciones	 que	 se	 establecen	 entre	 los	 diferentes	 sistemas	
componentes.		
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de	 sistemas:	 el	 sistema	 principal	 objeto	 de	 estudio	 (Foreground	 System,	 FS)	 y	 los	 sistemas	
secundarios	 (Background	 System,	 BS),	 que	 son	 los	 sistemas	 que	 soportan	 el	 desarrollo	 del	







El	 sistema	 principal	 puede	 ser	 un	 sistema	 producto	 o	 un	 sistema	 servicio.	 De	 la	misma	
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es	 su	organización	basada	en	un	 sistema	principal,	 permiten	 identificar	 las	 conexiones	entre	
sistemas	y	facilitan	la	definición	de	los	límites	de	estudio.		
Capítulo 2. Métodos aplicados 




































utiliza	 cada	 vez	más	 en	 el	 análisis	 de	 sistemas	 producto	 y	 tiene	 una	 aplicación	 todavía	muy	
limitada	en	sistemas	servicio.	Su	aplicación	a	PSS	implica	tener	en	cuenta	aspectos	específicos	
relacionados	con	la	combinación	de	varios	sistemas.	
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sistema	 incluyendo	 productos	 y	 servicios.	 Además,	 para	 evaluar	 impactos	 en	 sistemas	 que	
generan	co-productos,	se	debe	establecer	la	asignación	o	división	de	los	flujos	entre	el	sistema	
principal	y	el	resto	de	sistemas.	Weidema,	(1999)	indica	que	la	asignación	requiere	un	adecuado	




De	acuerdo	con	el	enfoque	previamente	expuesto	basado	en	 los	 flujos	entre	 sistemas	y	
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En	 este	 trabajo	 se	 selecciona	 un	 método	 'midpoint'	 y	 los	 indicadores	 Potencial	 de	
Calentamiento	 Global	 (Global	Warming	 Potential,	 GWP100),	 Acidificación	 (Acidification,	 Ac)	 y	
Energía	Global	 (Global	Energy,	GE).	 	GWP100	 representa	 las	emisiones	 totales	de	 los	gases	de	
efecto	invernadero	y	es	el	indicador	más	utilizado	en	estudios	de	sostenibilidad.	Ac	es	utilizado	
frecuentemente	 para	 mostrar	 el	 impacto	 medioambiental	 de	 las	 actividades	 agrícolas	 y	




Los	 indicadores	 unitarios	 medioambientales	 de	 una	 variedad	 de	 productos	 y	 servicios	
básicos	 se	pueden	obtener	de	diferentes	bases	de	datos.	Éstas	han	sido	desarrolladas	en	 las	
últimas	 décadas	 basadas	 principalmente	 en	 los	 datos	 promedio	 de	 una	 producción	 y	 unas	
condiciones	de	abastecimiento	promedio.	 En	este	 trabajo,	 se	utilizan	 las	 siguientes	bases	de	
datos:	Agri-footprint	(Durlinger	et	al.,	2017)	y	Probas	(UBA,	2007).	
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Además,	 se	 ha	 utilizado	 el	 módulo	 medioambiental	 del	 software	 CYPE	 Ingenieros	 para	
evaluar	los	impactos	de	los	proyectos	de	construcción,	el	programa	International	Environmental	
Product	Declaration	 (EPD)	 System	 (EPD,	 2020)	 se	 ha	 aplicado	para	 determinar	 consumos	de	
energía	de	la	producción	de	prendas	y	los	factores	de	emisión	de	las	empresas	eléctricas	que	
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permite	 detectar	 focos	 de	 impacto	 y	 permite	 analizar	 la	 sensibilidad	 del	 indicador	 a	 la	
variación	de	un	determinado	factor.	






ponderaciones	 a	 cada	 dimensión.	 Se	 han	 considerado	 4	 posibilidades	 de	 acuerdo	 con	 las	
siguientes	hipótesis:	
- Caso	1:	se	da	 la	misma	importancia	a	 las	tres	dimensiones.	Por	tanto,	a	cada	uno	de	 los	
indicadores	de	sostenibilidad	se	le	asigna	un	coeficiente	de	ponderación	de	0.33.		
- Casos	2,	3	y	4:	en	cada	uno	de	estos	casos	se	establece	una	dimensión	dominante	a	la	que	
se	 le	asigna	un	coeficiente	de	0.5,	mientras	que	al	 resto	de	dimensiones	se	 le	asigna	un	
coeficiente	de	0.25.	








como	 en	 proyecto).	 En	 un	 proceso	 de	 rediseño	 de	 producto	 aplicando	 estrategias	 de	
sostenibilidad	 (Figura	 2.7),	 es	 imprescindible	 mantener	 una	 serie	 de	 requerimientos	
previamente	establecidos	en	el	diseño	 inicial.	 Se	plantean	diferentes	alternativas	basadas	en	
estrategias	 que	 permitan	 reducir	 los	 impactos	 más	 significativos	 del	 sistema.	 Se	 evalúa	 la	
sostenibilidad	de	la	alternativa	de	seleccionada	y	finalmente	se	realiza	su	estudio	comparativo	
con	el	sistema	inicial.		
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Se	proponen	diferentes	 alternativas	 de	mejora	 a	 partir	 de	 la	 aplicación	de	estrategias	 de	
sostenibilidad.	Se	justifica	el	cumplimiento	de	las	especificaciones	iniciales	del	sistema	y	se	




Se	 analiza	 la	 variación	 de	 los	 indicadores	 de	 sostenibilidad	 a	 través	 de	 la	 presentación	
comparativa	de	resultados	obtenidos	en	PSS0	y	PSS1.	Se	valoran	los	cambios	producidos.	Una	
mejora	de	la	sostenibilidad	puede	estar	asociada	al	incremento	o	reducción	del	indicador.	El	
indicador	medioambiental,	 GWP100,	 el	 indicador	 económico,	 CE,	 y	 el	 indicador	 social,	 TW,	
expresan	impactos	negativos,	de	manera	que	su	reducción	será	tomada	como	un	resultado	
favorable.	
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ropa.	 Por	 tanto,	 la	 actividad	 principal	 se	 desarrolla	 en	 el	 ámbito	 de	 la	 distribución	 y	
comercialización	 de	 productos.	 Además,	 se	 considera	 como	 sistema	 secundario	 el	 local	
comercial	donde	se	desarrolla	el	servicio.	La	evaluación	se	centra	en	las	etapas	de	creación	
y	operación	del	servicio.	
Capítulo 3. Casos de estudio. Evaluación de la sostenibilidad 







En	 este	 caso	 se	 evalúa	 la	 sostenibilidad	 del	 proceso	 de	 obtención	 de	 leche	 en	 una	
explotación	de	ganado	vacuno.	En	la	cadena	de	suministro	de	la	leche,	se	suelen	considerar	las	
siguientes	fases:	i)	producción	de	alimento	para	las	vacas;	ii)	producción	de	leche;	iii)	transporte	
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El	 estudio	 se	 ha	 llevado	 a	 cabo	 en	 una	 explotación	 láctea	 situada	 en	 la	 Comunidad	







El	 objetivo	 es	 obtener	 indicadores	 que	 permitan	 evaluar	 de	 forma	 cuantitativa	 la	
sostenibilidad	del	 PSS	en	 sus	 tres	dimensiones:	 ambiental,	 económica	 y	 social.	 El	 Sistema	 se	







explotación	 durante	 un	 periodo	 de	 6	 meses.	 Estas	 actividades	 consisten	 principalmente	 en	
tareas	 de	 alimentación	 y	 ordeño	 de	 los	 animales	 y	 tareas	 de	mantenimiento	 y	 limpieza	 del	
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Además,	dentro	de	 las	entradas	al	 sistema,	 se	 contabiliza	el	 consumo	de	energía	en	 los	
diferentes	equipos	utilizados	para	el	desarrollo	de	las	actividades	dentro	de	la	explotación	láctea	
























	Alfa-Laval	1700	l	 1	 11.4	 0.081	
Calentamiento	de	agua	
Termo	agua	EDESA		
Capacidades:	50	y	100	l	 2	 10.9	 0.129	
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la	 paja	 utilizada	una	 vez	 cada	dos	 días	 y	 se	 acondiciona	 el	 suelo	 con	paja	 nueva	 y	 seca.	 Los	
ingresos	 de	 la	 explotación	 proceden	 de	 la	 producción	 de	 leche	 y	 de	 la	 recogida	 y	 venta	 de	
estiércol.	El	precio	indicado	para	la	leche	según	MAPAMA	(Mapama,	2018)	es	de	0.31	€/l.	Por	
otra	parte,	los	ingresos	por	estiércol	están	en	torno	a	los	20	€	por	tonelada	(0.049	€/l).	De	esta	
forma,	 la	 proporción	 en	 la	 que	 cada	 sistema	 contribuye	 a	 los	 ingresos	 de	 la	 explotación	 es,	





costes	 debidos	 a	 la	 compra	 de	 alimentos,	 consumible	 (adquisición	 de	 otros	 materiales	 y	
electricidad),	costes	de	mano	de	obra	y	costes	indirectos	(pago	de	seguros	e	impuestos).	Otros	
costes	debidos	a	la	amortización	de	instalaciones	y	equipamiento	quedan	fuera	del	sistema	de	




Tipo	de	entrada	 Componente	 Cantidad	(Kg)	 Precio	(€/ud)	 CMP	alim	(€)	
Materia	prima	
alimentación	
Ensilado	de	maíz	 0.786	 0.035	 0.027	
Pienso	 0.357	 0.27	 0.096	
Alfalfa	 0.250	 0.12	 0.030	
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La	 sostenibilidad	 del	 PSS	 y	 de	 cada	 sistema	 involucrado	 fue	 evaluada	 a	 través	 de	 un	
conjunto	 de	 indicadores.	 En	 la	 dimensión	 ambiental,	 se	 seleccionan	 los	 indicadores	 de	
















significativa	 en	 otros	 indicadores	 como	 acidificación	 (4.3%),	 costes	 de	 producción	 (3.9%)	 y	



















(FS)	Leche		 0.557	 10.9	 0.270	 0.53	 5.7	 0.062	
(BS2)	Estiércol		 0.086	 1.8	 0.043	 0.53	 0.9	 0.010	
(FS+BS2)	 0.643	 12.7	 0.313	 0.53	 6.6	 0.072	
(BS1)	Veterinario		 0.002	 0.58	 0.013	 6.5	 0.53	 0.009	
PSS	(FS+BS1+BS2)	 0.645	 13.28	 0.326	 0.50	 7.13	 0.081	
Tabla	3.3.	Producción	de	leche.	Indicadores	de	sostenibilidad.	
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En	 las	 Figuras	 3.3a,	 3b	 y	 3c,	 se	 representan,	 respectivamente,	 la	 distribución	 porcentual	 de	
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mano	 de	 obra	 tiene	 una	 incidencia	 destacada	 (27.2%).	 Los	 costes	 del	 veterinario	 son	
especialmente	significativos	en	el	factor	mano	de	obra.		
- La	actividad	de	ordeño	es	 la	actividad	productiva	 con	mayor	 incidencia	en	el	 tiempo	de	
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En	 la	 Figura	 3.4b	 se	 muestran	 los	 resultados	 del	 análisis	 de	 sensibilidad	 a	 la	 distancia	

















basada	 en	 LCSA.	 La	 combinación	 de	 ambos	 facilita	 la	 definición	 de	 la	 unidad	 funcional,	 el	
establecimiento	 de	 los	 límites	 del	 sistema	 y	 el	 análisis	 de	 los	 resultados	 de	 sostenibilidad	
teniendo	en	cuenta	la	incidencia	relativa	de	cada	uno	de	los	sistemas.	
	
Respecto	 a	 los	 indicadores	 totales	 del	 PSS,	 el	 servicio	 veterinario	 tiene	 una	 incidencia	
significativa	en	los	indicadores	de	acidificación	(4.3%),	costes	de	producción	(3.9%)	y	tiempo	de	
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refieren	 a	 la	 extracción	 de	 materiales,	 transporte	 y	 manufactura.	 Las	 fases	 de	 proceso	 de	
construcción,	 A4-5,	 se	 asocian	 al	 transporte	 de	 los	 materiales	 manufacturados	 al	 lugar	 de	
construcción	y	a	los	procesos	de	construcción	o	instalación.	Las	fases	de	uso,	B1-7,	se	desarrollan	
durante	el	uso	operacional	del	producto	de	construcción.	Las	 fases	de	 final	de	vida,	C1-4,	 se	
refieren	al	proceso	de	demolición,	así	como	el	transporte,	procesado	y	disposición	final	de	los	
residuos	 generados.	 Finalmente,	 la	 fase	 D	 tiene	 en	 cuenta	 los	 beneficios	 del	 potencial	 de	
reciclaje.	
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en	 la	 zona	 centro	de	Zaragoza	y	 se	desarrolla	en	un	 local	 comercial	de	65.3	m2.	 Los	 clientes	
habituales	del	servicio	son	mujeres	de	un	nivel	adquisitivo	medio-alto	que	buscan	una	atención	













Se	 recopilan	 las	 entradas	 y	 salidas	 generadas	 en	 las	 etapas	 de	 creación	 y	 provisión	 del	
servicio.	 Las	 principales	 actividades	 que	 se	 desarrollan	 en	 la	 etapa	 de	 creación	 están	
relacionadas	con	el	proceso	de	construcción	del	local	comercial	en	el	que	se	realizará	el	servicio	
de	venta	de	prendas.	Las	actividades	de	construcción	se	organizan	en	un	total	de	10	grupos.	Los	
datos	 correspondientes	 a	materiales	 utilizados,	 consumos	 de	 energía,	 costes	 de	 ejecución	 y	
tiempos	 de	 trabajo	 son	 obtenidos	 mediante	 el	 software	 Cype,	 utilizado	 en	 proyectos	 de	
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1.	Desmontaje	 		 		 			 	 	 	 	 	 	 	
1.1.	Desmontaje	de	puerta	garaje	 1,00	 pc.	 0,00	 2,12	 3	 1,15	 19,48	 19,87	
2.	Solera	 	 	 	 	 	 	 	 	
2.1.	Solera	de	hormigón	 65,29	 m²	 130,19	 7,78	 3	 0,08	 1,20	 4,74	
3.	Forjado	altillo	 	 	 	 	 	 	 	 	
3.1.	Estructura	de	hormigón	armado	 9,43	 m²	 553,63	 11,31	 6	 1,49	 26,54	 50,44	
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MJ/m	 en	 las	 fases	 de	 producto	 y	 proceso	 de	 construcción,	 requiere	 dos	 trabajadores	 que	
dedican	0.24h/m	con	un	salario	de	4.15€/m.	El	coste	de	ejecución	de	la	actividad	es	15.2	€/m.	
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diariamente.	 En	 la	 Figura	 3.8	 se	 indican	 tiempos	 de	 trabajo	 en	 cada	 grupo	 de	 actividad	 y	
consumos	 de	 energía	 debido	 al	 uso	 de	 diferentes	 equipos.	 Los	 datos	 se	 refieren	 a	 datos	
promedio	recogidos	a	lo	largo	de	un	año.	
	
Un	 total	 de	 336	 visitas	 de	 clientes	 (en	 las	 que	 se	 adquiere	 algún	 tipo	 de	 prenda)	 son	
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La	 sostenibilidad	 del	 PSS	 fue	 evaluada	 a	 través	 de	 un	 conjunto	 de	 indicadores.	 En	 la	
dimensión	ambiental	se	seleccionan	los	indicadores	de	calentamiento	global	(GWP100)	y	energía	

























(FS)	Servicio	 0.454	 10.18	 10.13	 22.31	 0.176	 0.683	
(BS)	Tienda	 0.033	 0.37	 0.127	 3.86	 0.0016	 0.027	






acumulado	 de	 trabajo	 por	 los	 proveedores	 del	 servicio	 y	 por	 los	 operarios	 de	 la	 fase	 de	
instalación	en	obra	es	0.177	h	y	el	salario	acumulado	es	0.71	€.		
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En	 las	 Figuras	 3.9a,	 9b	 y	 9c,	 se	 representan,	 respectivamente,	 la	 distribución	 porcentual	 de	
emisiones	de	gases	de	efecto	 invernadero,	de	 costes	de	producción	y	de	 tiempo	de	 trabajo.	









de	 prendas	 según	 las	 necesidades	 de	 cada	 cliente.	 También	 el	 tiempo	 de	 la	 actividad	 de	
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asociada	 con	dos	 factores:	el	 tiempo	de	operación	del	 servicio	y	 la	provisión	de	prendas.	En	
primer	lugar,	se	considera	una	variación	del	tiempo	de	operación	del	servicio	en	un	rango	de	±5	
años.	 En	 la	 Figura	 3.10a	 se	muestra	 el	 efecto	 que	 esta	 variación	 tiene	 sobre	 los	 indicadores	
GWP100,	CE	and	TW.	Principalmente,	las	variaciones	se	producen	entre	el	escenario	de	5	años	y	el	





la	 provisión	 de	 prendas.	 Se	 considera	 una	 variación	 de	 ±20%	 de	 prendas	 adquiridas	 por	 el	
proveedor	del	servicio	en	comparación	con	el	caso	base	(aprovisionamiento	de	1600	prendas	
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Se	 obtiene	 la	 distribución	 porcentual	 de	 los	 indicadores	 que	 producen	 los	 factores	 de	
impacto	que	intervienen	en	la	sostenibilidad	del	PSS.	Se	comprueba	como	las	prendas	de	vestir	
son	es	el	principal	factor	que	supone	el	84.7%	de	las	emisiones	de	gases	de	efecto	invernadero	
y	 el	 60%	 de	 los	 costes	 de	 operación.	 El	 análisis	 de	 sensibilidad	 de	 provisión	 de	 prendas	
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Conociendo	 los	 factores	 que	 tienen	 mayor	 incidencia	 en	 ambos	 casos	 de	 estudio	 se	







Por	 último,	 se	 realiza	 una	 comparación	 entre	 los	 sistemas	 iniciales	 y	 los	 obtenidos	 tras	
aplicar	las	estrategias	de	mejora	y	se	determina	si	se	ha	logrado	una	mejora	global	en	la	
sostenibilidad	del	PSS	aplicando	diferentes	ponderaciones	a	cada	dimensión.	
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para	 el	 Desarrollo	 de	 la	 Nutrición	 Animal	 (FEDNA,	 2010).	 En	 la	 Tabla	 4.1	 se	 muestran	 las	
cantidades	de	nutrientes	que	deben	ingerir	al	día	las	vacas	en	fase	de	producción.	Estos	datos	
sirven	para	definir	la	composición	adecuada	de	materia	prima	empleada	en	la	alimentación.	Los	




Nutrientes	 Cantidad	 Unidad	 Total	(Kg)	
Materia	seca	 21-25	 Kg	 21-25	
Fibra	detergente	ácida	 25.5-30.5	 %	de	MS	 5.3-7.6	
Fibra	detergente	neutra	 43-48	 %	de	MS	 9-12	
Proteína	bruta	 16-19	 %	de	MS	 3.4-4.8	
Proteína	no	degradable	 43-45	 %	de	MS	 9-11.25	
Calcio	(Ca)	 1.00-1.10	 %	de	MS	 0.21-0.27	
Magnesio	(Mg)	 0.34-0.38	 %	de	MS	 0.07-0.10	
Fosforo	(P)	 1.55-1.60	 %	de	MS	 0.33-0.40	
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los	 nutrientes	 adecuados.	 Siguiendo	 las	 recomendaciones	 de	 un	 nutricionista,	 se	 hacen	 dos	
propuestas	con	dos	mezclas	diferentes	(Tabla	4.2).	La	primera	propuesta	consiste	en	cambiar	el	
ensilado	 de	 maíz	 por	 un	 ensilado	 de	 cebada	 manteniendo	 las	 proporciones	 en	 las	 que	 los	













Ensilado	de	maíz	 0.786	 0.275	 0.0044	
Pienso	 0.357	 0.129	 0.0008	
Alfalfa	 0.251	 0.156	 0.0017	
Total	 1.394	 0.560	 0.0069	
Alternativa	1	
Ensilado	de	cebada	 0.786	 0.418	 0.0045	
Pienso	 0.357	 0.129	 0.0008	
Alfalfa	 0.251	 0.156	 0.0017	
Total	 1.394	 0.703	 0.0070	
Alternativa	2	
Paja	 0.143	 0.021	 0.0001	
Pienso	 0.500	 0.180	 0.0012	
Alfalfa	 0.357	 0.223	 0.0024	
Total	 1	 0.424	 0.0037	
Tabla	4.2.	Producción	de	leche.	Alternativas	de	alimentación.	
	
En	 la	 Tabla	 4.2	 se	 indican	 los	 alimentos	 que	 componen	 cada	 una	 de	 las	 mezclas	 y	 su	
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tareas	 del	 veterinario	 sean	 asumidas	 por	 el	 propio	 granjero.	 Esta	 última	 alternativa	 supone	
menor	impacto,	pero	tras	consultar	con	el	granjero,	se	selecciona	la	alternativa	1.	
	
Servicio	veterinario	 Sistema	inicial	 Alternativa	1	 Alternativa	2	
Visitas	 1	cada	7	días	 1	cada	10	días	 1	cada	10	días	
T	granja/visita	(h)	 2.5	 3		 2.5	
T	total/visita	(h)	 4	 4.5	 4	
TW	(h/litro)	 0.53·10
-3	 0.44·10-3	 0.39·10-3	





















económicos	 intercambiados	 por	 el	 sistema.	 Todos	 los	 datos	 se	 expresan	 por	 litro	 de	 leche	
producido.	
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La	producción	media	de	 leche	por	vaca	 se	mantiene	en	28	 litros/día	y	 la	producción	de	
estiércol	se	incrementa	un	6%,	siendo	de	2.6	kg	por	litro	de	leche.	La	cantidad	que	se	genera	de	
este	 subproducto	 aumenta	debido	a	que	 la	nueva	alimentación	 contiene	un	porcentaje	más	
elevado	de	materia	seca	(detalles	de	composición	en	Anexo	1).	De	esta	manera	los	ingresos	por	
la	venta	de	estiércol	como	fertilizante	también	se	incrementan.	Teniendo	en	cuenta	los	mismos	
precios	de	 venta	de	 leche	 (0.31€/l)	 y	 estiércol	 (20€/t),	 la	 proporción	en	 la	que	 cada	 sistema	
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cambios	 introducidos	en	 la	mezcla	para	alimentación	 suponen	un	cambio	 considerable	en	 la	
masa	total	de	alimento	que	se	reduce	un	26.6%.	
	
Entrada	 Componente	 Cantidad	(kg)	 Precio	(€/ud.)	 Coste	(€)	
Alimentación	
Paja	 0.143	 0.04	 0.007	
Pienso	 0.500	 0.27	 0.136	
Alfalfa	 0.357	 0.12	 0.044	








obtener	 los	 impactos	 ambientales	 unitarios	 de	 diferentes	 materias	 primas	 (Anexo	 1).	 Los	
resultados	se	muestran	en	la	Tabla	4.5,	de	acuerdo	con	la	unidad	funcional	que	es	un	litro	de	
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(FS)	Leche		 0.428	 7.19	 0.311	 0.72	 5.65	 0.062	
(BS2)	Estiércol		 0.072	 1.21	 0.052	 0.72	 0.95	 0.010	
(FS+BS2)	 0.500	 8.40	 0.363	 0.72	 6.6	 0.072	
(BS1)	Veterinario		 0.002	 0.58	 0.013	 6.5	 0.53	 0.009	





En	 la	Figura	4.2	se	muestra	 la	 incidencia	de	 los	 factores	en	 la	sostenibilidad	del	PSS	tras	
aplicar	 como	estrategia	 de	mejora	 el	 cambio	 en	 la	 alimentación.	 En	 las	 Figuras	 4.2a	 y	 4b	 se	
representan,	respectivamente,	la	distribución	porcentual	de	emisiones	de	efecto	invernadero	y	
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El	objetivo	es	evaluar	 los	 indicadores	de	sostenibilidad	en	el	PSS	una	vez	 implementada	
como	estrategia	de	mejora	un	cambio	en	el	número	y	duración	de	las	visitas	del	veterinario	a	la	






Los	 cambios	 que	 se	 producen	 en	 el	 inventario	 están	 relacionados	 con	 la	 actividad	 del	
veterinario.	 El	 número	 total	 de	 granjas	 que	 visita,	 la	 distancia	 promedio	 que	 tiene	 que	
desplazarse	y	el	tipo	de	vehículo	que	utiliza,	no	cambia	respecto	al	sistema	inicial.	Tras	aplicar	la	













el	 tiempo	 acumulado	 de	 trabajo	 por	 el	 granjero	 y	 el	 veterinario	 es	 7.04·10-3	 h	 y	 el	 salario	
acumulado	es	de	0.079	€.	
	
La	 estrategia	 2	 no	 afecta	 a	 los	 indicadores	 del	 sistema	 leche-estiércol	 (FS+BS2).	 Los	
indicadores	parciales	también	se	mantienen	teniendo	en	cuenta	la	ponderación	inicial	de	86.3	y	
13.7%	para	cada	uno	de	los	sistemas.	
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(FS)	Leche		 0.557	 10.9	 0.270	 0.53	 5.7	 0.062	
(BS2)	Estiércol		 0.086	 1.8	 0.043	 0.53	 0.9	 0.010	
(FS+BS2)	 0.643	 12.7	 0.313	 0.53	 6.6	 0.072	
(BS1)	Veterinario		 0.0015	 0.43	 0.010	 6.6	 0.44	 0.0076	
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GWP100	 y	 del	 32.3%	 en	 Ac.	 Por	 tanto,	 los	 cambios	 introducidos	 en	 los	 componentes	 y	
proporciones	de	la	alimentación,	permiten	modificar	de	forma	muy	substancial	el	impacto	
ambiental	del	PSS.		
- Notable	 variación	 de	 los	 indicadores	 económicos	 con	 un	 incremento	 de	 los	 costes	 de	
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- Ligera	reducción	de	 los	costes	de	producción	en	0.9%	y	aumento	de	 la	eco-eficiencia	en	











eco-eficiencia	 global	 es	 0.744	 €/kgCO2-eq.	 En	 la	 dimensión	 social,	 el	 tiempo	 acumulado	 de	
trabajo	por	el	granjero	y	el	veterinario	es	7.04·10-3	h	y	el	salario	acumulado	es	de	0.079	€.	La	
incidencia	 del	 servicio	 veterinario	 (BS1)	 en	 los	 indicadores	 del	 PSS	 es	 la	 siguiente:	 0.3%	 en	





















(FS)	Leche		 0.428	 7.19	 0.311	 0.72	 5.65	 0.062	
(BS2)	Estiércol		 0.072	 1.21	 0.052	 0.72	 0.95	 0.010	
(FS+BS2)	 0.500	 8.40	 0.363	 0.72	 6.6	 0.072	
(BS1)	Veterinario		 0.0015	 0.43	 0.010	 6.6	 0.44	 0.0076	
PSS3(FS+BS1+BS2)	 0.501	 8.83	 0.373	 0.744	 7.04	 0.079	
Tabla	4.7.	Producción	de	leche.	Indicadores	de	sostenibilidad	aplicando	estrategias	1	y	2.	
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En	 los	 gráficos	 de	 la	 Figura	 4.3	 se	 muestran	 las	 variaciones	 que	 experimentan	 los	

















- Caso	1:	se	da	 la	misma	importancia	a	 las	tres	dimensiones.	Por	tanto,	a	cada	uno	de	 los	
indicadores	de	sostenibilidad	se	le	asigna	un	coeficiente	de	ponderación	de	0.33.		
- Casos	2,	3	y	4:	en	cada	uno	de	estos	casos	se	establece	una	dimensión	dominante	a	la	que	
se	 le	asigna	un	coeficiente	de	0.5,	mientras	que	al	 resto	de	dimensiones	se	 le	asigna	un	
coeficiente	de	0.25.	
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La	 Tabla	 4.8	 recoge	 los	 resultados	 obtenidos.	 Los	 valores	 positivos	 indican	 resultados	





	 	 C1	 C2	 C3	 C4	
Indicador	 Variación	(%)	 Coeficientes	de	ponderación	
GWP100	 22.3	 0.33	 0.50	 0.25	 0.25	
CE	 -14.4	 0.33	 0.25	 0.50	 0.25	
TW	 0	 0.33	 0.25	 0.25	 0.50	
	 	 Mejora	de	la	sostenibilidad	(%)	
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tres	dimensiones,	 la	mejora	global	de	 la	sostenibilidad	del	sistema	depende	de	 las	diferentes	
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Se	 plantean	 dos	 estrategias	 de	 mejora:	 1)	 reducir	 el	 impacto	 que	 produce	 la	 pintura	
aplicada	en	 la	 tienda	proponiendo	otros	 tipos	de	pinturas	diferentes	 y	 2)	 reducir	 el	 impacto	
causado	 por	 las	 prendas	 de	 ropa	 adquiridas	 proponiendo	 dos	 tipos	 de	 aprovisionamiento	
diferentes.	
	
En	 primer	 lugar,	 se	 proponen	 varias	 alternativas	 a	 la	 partida	 de	 pintura	 al	 silicato.	 Esta	
partida	 es	 una	 de	 las	 que	más	 impacto	 tienen	 en	 las	 dimensiones	medioambiental	 (4.4%)	 y	
económica	 (20.4%)	 en	 la	 etapa	 de	 creación	 de	 la	 tienda	 (BS)	 (detalles	 de	 la	 distribución	
porcentual	de	 las	actividades	de	construcción	en	Anexo	1).	Las	alternativas	ofrecen	 la	misma	
estética	al	espacio	de	venta	que	el	sistema	inicial.	La	primera	alternativa	consiste	en	cambiar	la	
aplicación	 de	 pintura	 al	 silicato	 por	 pintura	 plástica.	 La	 segunda	 alternativa	 consiste	 en	 la	
aplicación	de	pintura	a	la	cal	en	lugar	de	la	pintura	al	silicato.		
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Sistema	inicial	 Pintura	al	silicato	 1.36	 10.80	 0.34	
Alternativa	1	 Pintura	plástica	 1.63	 5.02	 0.21	
Alternativa	2	 Pintura	a	la	cal	 0.49	 7.99	 0.26	
Tabla	4.9.	Servicio	de	venta	de	prendas.	Alternativas	de	revestimiento.	
 
Por	 otra	 parte,	 para	 reducir	 el	 impacto	 del	 servicio	 de	 venta	 se	 propone	 cambiar	 el	
aprovisionamiento	de	las	prendas.	Para	ello	se	proponen	dos	alternativas	muy	diferentes.		La	
primera	alternativa	se	basa	en	el	hecho	de	que	un	20%	de	las	prendas	adquiridas	no	llegan	a	
venderse	 y	 tienen	 que	 ser	 comercializadas	 por	 otros	 medios.	 Por	 esta	 razón,	 se	 propone	
disminuir	 el	 número	 de	 prendas	 adquiridas	 manteniendo	 el	 mismo	 proveedor.	 La	 segunda	
alternativa	 consiste	 en	 cambiar	 el	 proveedor	 de	 prendas	 por	 otro	más	 económico	 pero	 que	
asegure	mantener	la	calidad	de	las	prendas.	
	
En	 la	 Tabla	 4.10	 se	 observan	 los	 indicadores	 de	 GWP100	 y	 CE	 para	 cada	 una	 de	 las	









Sistema	inicial	 1,600	 8,220.80	 136,000	
Alternativa	1	 1,280	 6,576.64	 108,800	
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61.2%	 debido	 principalmente	 al	 cambio	 de	 materia	 prima.	 El	 tiempo	 y	 el	 salario	 de	 los	
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en	 los	 indicadores	globales	del	PSS	son	casi	 imperceptibles.	Los	resultados	se	muestran	en	 la	
Tabla	4.11	de	acuerdo	con	la	unidad	funcional	que	es	1	visita	de	un	cliente.	Los	indicadores	de	
calentamiento	global	y	energía	incorporada	son,	respectivamente	0.486	kgCO2-eq	y	10.54	MJ.	El	


















(FS)	Servicio	 0.454	 10.18	 10.13	 22.31	 0.176	 0.683	
(BS)	Tienda	 0.032	 0.36	 0.125	 3.87	 0.0015	 0.026	














estrategia	 de	mejora	 que	 consiste	 en	 un	 cambio	 en	 la	 provisión	 de	 las	 prendas	 de	 ropa	 del	
servicio.	 El	 sistema	 se	 compone	de	un	 sistema	principal	 (servicio	 de	 venta	de	prendas)	 y	 un	
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Los	 cambios	 que	 se	 producen	 en	 el	 inventario	 están	 relacionados	 con	 la	 provisión	 de	
prendas	del	servicio	de	venta.	La	estrategia	consiste	en	reducir	el	número	de	prendas	que	se	
adquieren	manteniendo	el	mismo	proveedor	que	en	el	caso	inicial.	La	reducción	es	de	un	20%,	





























(FS)	Servicio	 0.367	 8.30	 8.89	 24.22	 0.17	 0.683	
(BS)	Tienda	 0.033	 0.37	 0.127	 3.84	 0.0016	 0.027	
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Tras	 aplicar	 la	 estrategia	 de	 mejora,	 el	 factor	 prendas	 reduce	 su	 incidencia	 en	 los	
indicadores	GWP100	(2.2%)	y	CE	(5.4%)	pasando	a	ser	de	82.45	y	54.84%,	respectivamente.	En	el	
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de	 17.8	 %	 en	 GE.	 Esta	 mejora	 se	 debe	 a	 la	 reducción	 del	 consumo	 de	 energía	 en	 la	













funcional	 que	es	una	 visita	 de	un	 cliente.	 Los	 indicadores	de	 calentamiento	 global	 y	 energía	
incorporada	son,	respectivamente,	0.399	kgCO2-eq	y	8.66	MJ.	Los	costes	de	ejecución	son	9.01€	
y	la	eco-eficiencia	global	es	22.59	€/kgCO2-eq.	En	la	dimensión	social,	el	tiempo	acumulado	de	
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(FS)	Servicio	 0.367	 8.30	 8.89	 24.22	 0.17	 0.683	
(BS)	Tienda	 0.032	 0.36	 0.12	 3.87	 0.0015	 0.026	
PSS3	(FS+BS)	 0.399	 8.66	 9.01	 22.59	 0.172	 0.709	
Tabla	4.13.	Servicio	de	venta	de	prendas.	Indicadores	de	sostenibilidad	aplicando	estrategias	1	y	2.	
	
En	 los	 gráficos	 de	 la	 Figura	 4.8	 se	 muestran	 las	 variaciones	 que	 experimentan	 los	
indicadores	de	 sostenibilidad	entre	el	 PSS	de	partida	 (PSS0)	 y	 el	 PSS	en	el	 que	 se	 aplican	 las	
estrategias	1	y	2	de	manera	combinada	(PSS3).	Los	resultados	son	los	siguientes:	
- Mejora	muy	 significativa	 de	 los	 indicadores	 ambientales	 con	 una	 reducción	 del	 18%	 en	
GWP100	y	del	17.9%	en	GE.	








las	 tres	 dimensiones.	 La	mejora	 global	 de	 la	 sostenibilidad	del	 sistema	 se	 puede	determinar	
aplicando	diferentes	ponderaciones	a	cada	dimensión.	Se	han	considerado	4	posibilidades	de	
acuerdo	con	las	siguientes	hipótesis:	
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- Caso	1:	se	da	 la	misma	importancia	a	 las	tres	dimensiones.	Por	tanto,	a	cada	uno	de	 los	
indicadores	de	sostenibilidad	se	le	asigna	un	coeficiente	de	ponderación	de	0.33.		
- Casos	2,	3	y	4:	en	cada	uno	de	estos	casos	se	establece	una	dimensión	dominante	a	la	que	




lo	 que	 indica	 resultados	 favorables.	 En	 cada	 caso,	 se	 obtiene	 un	 porcentaje	 de	 mejora	 de	
acuerdo	a	los	coeficientes	de	ponderación	asignados	a	cada	indicador.		
	
		 		 C1	 C2	 C3	 C4	
Indicador	 Variación	(%)	 Coeficientes	de	ponderación	
GWP100	 18.07	 0.33	 0.5	 0.25	 0.25	
CE	 12.11	 0.33	 0.25	 0.5	 0.25	
TW	 3.43	 0.33	 0.25	 0.25	 0.5	
	 		 Mejora	de	la	sostenibilidad	(%)	
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Se	 consigue	 una	 mejora	 simultánea	 de	 los	 indicadores	 de	 sostenibilidad	 en	 las	 tres	
dimensiones,	por	lo	que	las	cuatro	posibilidades	de	ponderación	consideradas	son	favorables.	


















   
 
  



















En	 este	 capítulo	 se	 presenta	 un	 resumen	 de	 los	 resultados	 obtenidos,	 se	 exponen	 las	





de	 sistemas	 y	 estudios	 dedicados	 al	 análisis	 de	 Sistemas	 Producto-Servicio.	 A	
continuación,	se	presentan	los	resultados	obtenidos	a	partir	del	desarrollo	de	un	esquema	
metodológico	para	realizar	la	evaluación	y	mejora	de	la	sostenibilidad	en	PSS.	Se	aplica	
LCSA	 como	 método	 de	 evaluación	 y	 se	 utilizan	 procedimientos	 clásicos	 de	 diseño.	








   
 
  







estudio,	 los	objetivos	de	 la	 investigación,	el	 alcance	del	 trabajo,	 los	métodos	y	herramientas	
aplicadas	y	las	principales	conclusiones	obtenidas.	Los	resultados	de	este	trabajo	de	revisión	han	
sido	los	siguientes:	


















y	 modelos	 de	 negocio.	 Consideran	 que,	 a	 través	 de	 la	 combinación	 de	 productos	 y	
servicios,	 se	 puede	 satisfacer	 adecuadamente	 las	 necesidades	 de	 usuarios	 y	
consumidores.		
- Se	 consideran	 también	 como	 opciones	 prometedoras	 frente	 el	 desafío	 de	 la	
sostenibilidad,	 ya	 que	 la	 integración	 de	 servicios	 permite	 dar	 soluciones	 con	 menor	
consumo	de	materiales	y	recursos.	
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- Proponer	 estas	 estrategias	 conlleva	 obtener	 la	 distribución	 de	 factores	 de	 impacto	 e	
identificar	los	factores	más	influyentes.	




- Obtener	 el	 inventario	 de	 datos	 supone	 integrar	 diferentes	 ciclos	 de	 vida,	 establecer	
relaciones	 entre	 etapas	 y	 conocer	 cómo	 intervienen	 en	 ellas	 los	 sistemas	 que	 forman	
parte	del	PSS.	
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- La	 incidencia	 del	 sistema	 estiércol	 se	 ha	 obtenido	 teniendo	 en	 cuenta	 criterios	
económicos	de	asignación	(contribución	a	los	ingresos	de	la	explotación:	13.7%).	
§ El	factor	de	impacto	más	importante	es	la	materia	prima	utilizada	en	la	alimentación	




§ En	 la	dimensión	social,	 las	actividades	de	ordeño	suponen	el	53.1%	del	 tiempo	de	
trabajo	y	en	la	dimensión	económica,	los	costes	de	mano	de	obra	generan	27.2%	de	
los	costes	de	producción.	
§ Al	 aplicar	 como	 estrategia	 de	mejora	 un	 cambio	 en	 la	 alimentación,	 disminuye	 el	
















   
 
  





§ PSS	 formado	por	un	 sistema	principal	 (servicio	de	venta	de	prendas)	y	un	 sistema	
secundario	(local	comercial).	Entre	las	etapas	del	ciclo	de	vida	de	estos	sistemas	se	
detecta	una	estrecha	relación.	
§ La	 incidencia	del	sistema	secundario	en	la	sostenibilidad	del	PSS	es	muy	baja	en	 la	
mayor	parte	de	 los	 indicadores	 (<1.2%),	excepto	en	el	 indicador	GWP100	donde	su	
supone	el	6.77%	de	las	emisiones.	
§ El	factor	de	impacto	más	importante	en	la	sostenibilidad	del	PSS	es	la	adquisición	de	








en	 la	 cantidad	 de	 prendas	 adquiridas	 (según	 cantidad	 de	 prendas	 vendidas),	 se	
obtiene	una	notable	reducción	de	los	 indicadores	ambientales	(17.8%	en	GWP100	y	
17.8%	en	GE),	 y	 también	una	 importante	 reducción	en	el	 indicador	económico	de	
costes	de	operación	(12%).		
§ La	 estrategia	 de	 mejora	 cambio	 en	 la	 aplicación	 de	 acabados	 en	 el	 producto	 de	
construcción	solo	permitiría	reducir	ligeramente	el	impacto	(0.2%	en	GWP100,	0.019%	
en	CE	y	0.05%	en	TW).	
§ Si	se	propone	 la	aplicación	conjunta	de	 las	dos	estrategias	se	obtienen	variaciones	
importantes	en	la	sostenibilidad	del	PSS.	Los	indicadores	ambientales	GWP100	y	GE	se	
reducen,	respectivamente,	18	y	17.9%,	el	indicador	económico	de	costes	se	reduce	
12.2%	y	 la	eco-eficiencia	se	 incrementa	7.4%.	Los	 indicadores	sociales,	TW	y	SW,	se	
reducen	3.43%	y	0.14%.	







   
 
  










relaciones	 que	 se	 establecen	 entre	 los	 diferentes	 sistemas	 componentes,	 planteando	 y	
aplicando	un	enfoque	de	flujos	entre	sistemas.		
La	 mayoría	 de	 estudios	 asociados	 a	 PSS	 lo	 hacen	 desde	 una	 perspectiva	 económica,	
considerándolos	 como	 sistemas	 innovadores	 de	modelos	 de	 negocio,	 pero	 no	 lo	 hacen	
desde	una	perspectiva	analítica	que	permita	comprender	su	estructura.	
	
2) Los	 PSS	 son	 también	 considerados	 por	muchos	 autores	 como	 potenciales	 soluciones	 al	
desafío	de	 la	 sostenibilidad.	 Sin	embargo,	no	 se	han	desarrollado	 trabajos	que	apliquen	
métodos	 y	 proporcionen	 pautas	 para	 realizar	 la	 evaluación	 de	 la	 sostenibilidad	 de	 una	
manera	sistemática.		














ello,	 se	 trabaja	 con	 parámetros	 medibles,	 se	 identifican	 especificaciones,	 se	 analizan	
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6) La	 tesis	 expone	 cómo	 la	 sostenibilidad	 puede	 ser	 incluida	 en	 proyectos	 de	 diseño	 y	
desarrollo	de	PSS,	lo	que	puede	ser	utilizado	desde	un	punto	de	vista	académico	y	desde	
un	punto	de	vista	profesional	y	empresarial.		







7) La	 sostenibilidad	es	un	 concepto	amplio,	 en	el	que	 intervienen	múltiples	 factores	 y	que	









   
 
  
















2) En	cada	PSS	analizado,	 se	han	establecido	unos	 límites	de	estudio	dentro	de	 los	que	 se	






3) Los	 indicadores	 empleados	 en	 este	 trabajo	 de	 investigación	 cuantifican	 impactos	
específicos	 de	 cada	 caso	 de	 estudio.	 Por	 tanto,	 solamente	 proporcionan	 una	 limitada	
información	de	la	sostenibilidad	de	cada	PSS.		
Realizar	 un	 análisis	 completo	 y	 detallado	 de	 la	 sostenibilidad	 requiere	 utilizar	 en	 su	
caracterización	el	mayor	número	posible	de	categorías	de	impacto	y	de	indicadores.		
En	particular,	 los	PSS	muestran	elevada	interacción	entre	agentes	sociales,	por	 lo	que	se	
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Paja	cebada	 0.15	 5·10-4	 6·10-5	 Agri	footprint	
Silo	maíz	 0.35	 5.6·10-3	 1.8·10-4	 Agri	footprint	
Silo	cebada	 0.53	 5.7·10-3	 1.8·10-4	 Agri	footprint	
Pienso	 0.36	 2.4·10-3	 5.2·10-3	 Agri	footprint	





















Silo	de	maíz	 0.786	 0.275	 0.0044	 0.00014	
Pienso	 0.357	 0.129	 0.0008	 0.00185	
Alfalfa	 0.250	 0.156	 0.0017	 0.00044	
Alimentación	 Total	 0.560	 0.0069	 0.00243	
Prod.	de	limpieza	 0,0029	Kg	 8·10-6	 -	 4·10-9	
Electricidad	 0,0705	Kwh	 0,025	 -	 -	
Gasóleo	 0.009	l	 0,039	 -	 2·10-7	
Consumible	 Total	 0,083	 1·10-4	 2,1·10-7	




   
 
  




































Silo	maíz	 22	 63	 37	 32,9	 50,9	 10,5	 0,20	 0,15	 0,18	
Pienso	 10	 20,5	 79,5	 2,71	 13,7	 11,7	 0,23	 0,60	 0,40	
Alfalfa	 7	 9,1	 90,9	 32,8	 42,9	 17,6	 1,71	 0,25	 0,27	
Total	(Kg)	 39	 16,55	 22,45	 9,8	 15,6	 4,71	 0,19	 0,11	 0,09	
ALTERNATIVA	1	
Silo	
cebada	 22	 65	 35	 31,3	 54,2	 9,29	 0,45	 0,18	 0,26	
Pienso	 10	 20,5	 79,5	 2,71	 13,7	 11,7	 0,23	 0,60	 0,40	
Alfalfa	 7	 9,1	 90,9	 32,8	 42,9	 17,6	 1,71	 0,25	 0,27	




4	 8	 92	 46,4	 67,1	 5,1	 0,30	 0,10	 0,07	
Pienso	 14	 20,5	 79,5	 2,71	 13,7	 11,7	 0,23	 0,60	 0,40	
Alfalfa	 10	 9,1	 90,9	 32,8	 42,9	 17,6	 1,71	 0,25	 0,27	
Total	(Kg)	 28	 4,11	 23,9	 5,52	 8,9	 3,60	 0,22	 0,11	 0,09	
Tabla	A1.3.	Producción	de	leche.	Composición	de	diferentes	mezclas	para	alimentación.	
 






   
 
  
















   
 
  









   
 
  


















   
 
  









   
 
  
















































































































   
 
  

















   
 
  






EDP	 System	 (EDP,	 2019).	 En	 las	 Figuras	 A1.6	 y	 A1.7	 se	muestran	 los	 datos	 unitarios	 de	 los	
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Abstract: The development of product–service systems (PSS) is currently considered a promising
solution to the challenge of sustainability. Nevertheless, the sustainability of these systems has not
been systematically assessed and there is a need to develop more guiding principles. In this work,
an approach based on the flows between product and service systems is used to facilitate both
the definition of PSS boundaries and the identification of links between the systems involved.
In addition, the life cycle sustainability assessment (LCSA) method is applied to simultaneously
quantify environmental, economic and social impacts. Two cases are analysed. First, the production
process of cow´s milk, in which a veterinary service is required, is studied using data measured from a
dairy farm. Next, the sustainability of a clothing retail service taking, into account that a construction
product is involved in its creation stage, is evaluated. In each PSS specific life cycle, stages are analysed,
a functional unit referred to both products and services is defined, and quantitative indicators are
selected to assess each sustainability dimension. The category of workers is selected to evaluate social
aspects. The relative incidence of each system is evaluated and the impacts of different factors on the
PSS sustainability are analysed.
Keywords: product–service system; life cycle sustainability assessment; product–service flow
1. Introduction
Products have been the traditional focus of production and commercialization activities while
services have been usually considered as a complement to the products value. Hence, sustainability
studies have been carrying out in product systems and design for sustainability has been focused
in methods to design sustainable products. In the last years, considerable attention has been put in
service systems and product–service systems (PSS), since they are considered an innovative business
approach and a possible answer to the sustainability challenge [1].
This approach shifts the traditional business focus from mass consumption to the behaviours and
highly personalised needs [2,3] of individuals, and from selling only physical products to selling a
mix of products and services that are jointly capable of fulfilling specific consumers’ needs (e.g., from
selling a washing machine to selling cleaning services) [4]. According to this approach, three PSS main
categories can be considered [5]:
- Product-oriented services: the consumer will be the owner of the product so that the business
model is still mainly geared towards selling products. Nevertheless, some additional services are
provided by the company (e.g., insurance or maintenance).
- Use-oriented services: service provider owns the product, selling only the function to customer.
Thus, a change in product availability is produced. Product can be sometimes shared by a number
of users (e.g., car rental).
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- Result-oriented services: the profit centre is result delivered, which client and provider firstly agree
on (e.g., activity management-outsourcing such as catering services). There is no predetermined
product involved. All materials products and consumables used to deliver the result now become
cost factors, creating an incentive to minimize their use.
Ashford and Hall [6] consider that requirements of users and consumers can be fulfilled in two
different modes: the use of products or the provision of services. The difference between them lies
in the material nature of products and the immaterial character of services, as well as the timeline
of the consumption, which is usually shorter in the case of services. In both cases, different actors
are involved, and some sort of infrastructure is needed. Nevertheless, products and services are not
completely independent systems. Service provision is based on products, and products require services
to obtain a final utility. Thus, broader systems resulting from the combination of products and services
are generated. PSS are defined by Boehm and Thomas [7] as an “integrated bundle of products and
services which aims at creating customer utility and generating value”.
The design of PSS that provide more sustainable solutions to the current demands of society is the
goal of a number of researchers [2,8,9]. Vezzoli et al. [8], consider PSS design for sustainability as the
design of systems able to deliver a ‘unit of satisfaction’ looking for economic interest from providers,
as well as environmental and socio-ethical beneficial results. To address the sustainable design of a PSS,
the sustainability performance of the system, taking into account environmental, economic and social
dimensions, should be quantified. However, the studies in relation to PSS sustainability assessment
are still in the early phase, and criteria, methods and tools to support the assessment process are
required [10,11].
The life cycle sustainability assessment (LCSA) method is considered by numerous authors [12–15]
as an adequate framework to evaluate impacts and consider interdependencies between different
sustainability dimensions. Nevertheless, LCSA has been mainly product-oriented and are hardly
applied in other systems. A subject that adds complexity to the study of PSS is the need to consider
various life cycles due to the combination of different products and services. The distinction between
product and service life cycle and the system boundaries establishment in relation with the analysed
PSS are significant challenge [16,17].
This work aims at quantitatively assessing the sustainability of PSS in two case studies using
an approach based on the flows between product and service systems. This approach is intended
to facilitate the definition of PSS boundaries and to identify connections between different systems.
Two very different case studies are discussed in order to show how this approach can be implemented.
In the first case, sustainability assessment is focused on the milk production process, taking into
account that a veterinary service is required to ensure the animal health and manure is also obtained as
a coproduct. In the second case, the sustainability of a clothing retail service is evaluated considering
the construction of the store in which the service is provided. In order to evaluate PSS sustainability,
the LCSA method is applied focusing on specific life cycle stages to adjust to the objective of the study
and using a limited number of quantifiable indicators in each sustainability dimension. The following
section examines a number of works, in which this methodology is already applied to both products
and services systems. Section 3 exposes how flows between systems approach and the LCSA method
can be jointly applied in the context of PSS. In Section 4, the sustainability of two different PSS is
assessed, and the results are finally analysed.
2. LCSA Applied in Product and Service Systems
Most sustainability studies of product and service systems are based on a life cycle perspective,
since including the whole life cycle trade-offs associated with all stages are identified. ISO standard [18]
defines the life cycle as sequential and interconnected phases of a product system beginning from raw
material acquirement or creation from natural resources to final disposal including activities of reuse,
recycling or waste processing.
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To obtain a more precise description, successive product transformations and intermediate
processes can be considered in each stage of the product life cycle. Intermediate products (outputs
from a unit process that represent inputs to other unit processes requiring further transformation
within the system) as well as intermediate flows (products, materials or energy flows taking place
between unit processes of the system) can be also defined. Different stages and phases within each
stage can be identified in a product life cycle. The scope of an LCA, including the system boundary
and level of detail, depends on the subject and objectives of the study.
In order to assess the environmental impact of a system, the life cycle assessment (LCA)
methodology is frequently used. LCA structure was clearly established through the joint work
of SETAC and ISO [18,19]. It complies and evaluates the elementary flows of the system: inputs (drawn
from the environment without previous human transformation) and outputs (released to environment
without subsequent human transformation). In addition, different tools that consider a wide number
of impact categories and specific indicators can be used to assess environmental effects [20,21].
Besides the environmental protection, economic and social issues should also be considered in an
approach of sustainability based on a triple bottom line (also referred to as planet, profit and people).
According to this approach [22,23], the life cycle sustainability assessment (LSCA) methodology analyses
environmental issues, economic aspects and social concerns to effectively achieve the sustainability
assessment of a system [12,13]. LCSA evaluates impacts and provides guidelines for sustainable
products and services development, combining environmental life cycle assessment (E-LCA), life cycle
costing (LCC) and social life cycle assessment (S-LCA) techniques. To value social issues, UNEP’s
guidelines [24] propose five stakeholder categories: workers, local community, society, consumers
and value chain actors. In addition, for each stakeholder group, different social impact subcategories
are identified.
LCSA methodology is based on the development of four phases:
(i) Goal and scope definition. FU is identified and the system boundaries are established according
to the depth and breadth of the study.
(ii) Life cycle sustainability inventory (LCSI). Inputs and outputs of the system are collected to obtain
a detailed data inventory.
(iii) Life cycle sustainability impact assessment (LCSIA). Impacts of each sustainability dimension
are evaluated using a set of suitable indicators. Quantitative indicators are preferred, although
qualitative indicators are also used to value social aspects.
(iv) Interpretation of results. Results are analysed and recommendations for decision making process
can be proposed.
A critical issue is the selection of the most appropriate indicators to assess the sustainability in each
dimension [25] and the difficulty of integrating the interrelationships between the three dimensions of
LCSA results [26]. Since three different techniques (E-LCA, LCC, S-LCA) are used, indicators of each
technique can be combined by means of aggregation and weighting methods to obtain a simplified
index that allows communicating a final sustainability result [27,28]. Nevertheless, if a composite
index is evaluated, weighting and aggregation of indicators can considerably affect the measured
sustainability of a system. Thus, the parallel presentation of results obtained in each sustainability
dimension is recommended by authors as Valdivia et al. [29], and Santolaya et al. [30], in order to
effectively identify real impacts and to achieve a better understanding of the impact causes.
A significant number of works are making use of LCSA as assessment method to support decision
making on sustainability. This methodology has been progressively implemented in the study of
product systems and has been much less applied in the study of service systems. Several investigations
performed over the last years, in which the sustainability of both products and services is object
of study, are summarized in Table 1. Authors of these research works, the system object of study,
the objectives and scope of the investigation, the method to assess sustainability as well as the main
results obtained are indicated in each case.
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We can observe in Table 1 that very different products, usually associated to industrial activity,
and services, related to both public and private sector, are analysed. Predominant studies are those
focused on comparing the sustainability of different alternatives or scenarios (comparative studies).
Other works aim at identifying the hot spots of a selected system (descriptive studies). In this case,
major impacts should be identified, and well-targeted strategies should also be applied to obtain
significant improvements in the sustainability of the system [14]. Nevertheless, the effectiveness of the
strategies applied is not usually determined due to the difficulty of evaluating the sustainability of the
redesigned system.
A full analysis of the life cycle in a product or service system entails all the stages related. However,
it is possible to circumscribe the assessment focusing on specific stages to adjust to the objective
or to limit the complexity of the study. According to an objective focused on evaluating different
alternatives or scenarios, a large number of studies are found in literature that address only some
stages of the life cycle. Regarding those works collected in Table 1, we observe that Capitano et al. [31],
analyse the production phase of marble products in two different industrial plants, and Foolmaun and
Ramjeawon [32] compare four scenarios in regard to the final disposition of PET bottles. In service
studies, Cheng and Hsu [33] analyse two temperature control systems in refrigerated food distribution
service and Bartolozzi et al. [34], compare manual and mechanical systems in the operative stage of a
street sweeping municipal service. Works like those of Asadi et al. [35], and Hossain and Poon [36],
evaluate the sustainability of different alternatives along the entire life cycle of the product. In service
studies, the entire life cycle is not usually analysed.
It is also observed in Table 1 that the combination of different techniques (LCA, LCC, S-LCA) is carried
out to quantify the sustainability of a system. In a number of product studies, the three sustainability
dimensions are assessed to support decision-making on the best alternative or scenario [31,37,38].
Meanwhile, environmental data are mainly obtained in service studies, economic data are also obtained
in some cases [39], and social issues are almost never evaluated.
In each case, FU is defined to express and compare sustainability results. It should be noted
that a time period of service provision is also required in FU definition of service studies. However,
common FU is not always chosen in studies conducted on the same system. For instance, in the
analysis of buildings and construction products, both ’one square meter over a period of 50 years’
and ’the entire building’ are selected as FU in different studies [40]. In the case of milk production,
some authors chose ’the volume of raw milk’ and other authors prefer to emphasize the nutritional
function of milk and correct the raw production according to its energy content [41]. In the case of a
service system, FU is usually selected to quantify the provision stage, in which two main stakeholders,
service receivers (customers) and service providers (workers), are usually involved. For instance,
Bartolozzi et al. [34], select one hour and one worker to analysis the operation stage of a street sweeping
service and Millán et al. [42], define FU in a day-care service taking into account one child and one year
of service provision. In all cases, selecting FU to facilitate the comparison of different sustainability
studies is very convenient. On the contrary, the results can only be used for the development of one
single study. In addition, it is considered that FU should be the same in the three techniques (LCA,
LCC and S-LCA) of a LCSA.
On the other hand, although weighted index is used in some works [27,43], single indicators are
preferred by researchers to show results of the sustainability performance. In addition, a multicriteria
decision-making framework is used in various product studies [32,37] to determine the most
sustainable system.
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Table 1. Product and service sustainability studies.





[44] (2011) Notebook for office use
Detection of main impacts in
environment and social
dimensions
Entire life cycle E-LCA; S-LCA; Singleindicators; FU: 1 notebook
The development of a more sustainable product
(environmental and social) is possible
Capitano et al., (2011) Marble products







The identification of hot spots in the two
production processes




Aggregated index; FU: 1 m2
The best sustainability performance is detected by
an aggregated index
Foolmaun and
Ramjeawon (2012) PET bottles
Comparative analysis of four
scenarios for used bottles Final disposition stage
LCSA; Multi-criteria; AHP;
Single indicators; FU: 1 t
A scenario that combines flake production and
landfilling causes less impact.
Chang et al. [45],
(2015) Welding technology
Study of four different welding
processes Production stage
LCA; SLCA; Single indicators;
FU: 1 m weld seam
The technology with the higher impact and
higher health risk for welders is identified




Single indicators; FU: 1 t
The selection of an alternative is carried out by
the decision-makers.
Asadi et al., (2016) Plumbing system Effects of the use of twomaterials in piping Entire life cycle
LCA; LCC; Single indicators;
FU: 1000 m
PEX piping reduce the effect of environmental
impacts and reduce the total cost




Aggregated index; FU: 1 m3
Impacts are considerably reduced if cement is





To evaluate the potential of
four different management
systems
Entire life cycle LCA; Single indicators;Sensitivity analysis; FU: 1 t
The use of wood waste instead of virgin wood is
preferable in production of particleboard
Ferrari et al. [46],
(2019) Ceramic tiles
Construction of a reference
benchmarking in this ambit
Entire life cycle including
internal production costs
LCA; LCC and S-LCA:
FU: 1 m2 porcelain stoneware









To compare three selective
collection services
Waste storage, urban and
inter-city transport
LCA; Single indicators;F
U: 1500 t in 1 month
The multi-container system has the least impact.
Inter-city transport is a critical stage in all cases
Vinyes et al., (2013) Collection of domesticused cooking oil
To compare three systems of
collection in a big city
Collection and transport to the
plant by tanker
LCSA; Aggregated index;
FU: 10000 hab in 1 year
A multi-waste collection service is preferred.
The transport stage has a high influence




FU: 1 room and 1 night
Operation phase has high impact due mainly to
the energy consumption
Chen and Hsu, (2015) Refrigerated fooddistribution
Analysis of two temperature
control techniques
Transport from terminal to
retailers
Numerical model; Single
indicators; FU: 1 kg in 1 day
A multi-temperature joint distribution system





Study of potential impacts of
switching to car sharing
Service operation within an
area
Statistical data; Surveys; Single
indicators;
FU: geographic area in 1 year
Significant savings in travel costs and CO2
emissions could be obtained Introducing car
sharing service




Environmental profile of 12
public nursery schools
Travel to the nursery school
and child-care
E-LCA; Surveys; Single
indicators; FU: 1 m2 in 1 year
Energy consumption in facilities and car use in
transport show high potential for improvement




To compare rental model with
a product-oriented model Operation and maintenance
LCA; Single indicators;
FU: 10 l/day for 15 years
Rental model shows high potential for the





To compare manual and
mechanical street sweeping
Activities directly related in
operational phase
LCA; PEF; Single indicators;
FU: 1 h and one worker
Fuel consumption is the largest contributor in all
environmental impact categories





To assess and rank the effect of
different strategies
From production of food to
waste management
LCA; Single indicators;
FU: average meal for 1 year
The production of food is the dominant stage.
A change in diet is the most effective strategy
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Thus, the LCSA method is increasingly used to assess the sustainability of product systems,
but is hardly applied in the assessment of service systems. The review of sustainability assessment
approaches carried out by Wulf et al. [52] confirm that an increased number of studies applying
LCSA have been published, but many questions concerning the methodology are still open and there
is a need to develop more guiding principles. In order to apply LCSA to PSS, an approach that
simultaneously considers aspects of products and services is required. This approach is developed in
the following section.
3. Methodology
3.1. Flows between Systems Approach
Since both products and services are involved in a PSS, various life cycles should be taken into
account to effectively assess sustainability. A simplified scheme, in which phases of the product
life cycle can be grouped into phases prior to use, phases associated with use, and phases after use,
is proposed in this work as elementary description of the life cycle. Phases such as raw materials
extraction, manufacture and distribution, usually considered in the product life cycle, are included in
the creation stage.
Thus, three main stages: 1. Creation, 2. Use and 3. End of life, can be differentiated in a
product system, as shown in Figure 1a. Taking into account that both products and services aim at
delivering satisfaction or creating utility, a similar scheme of three stages is proposed to describe the
life cycle of a service system: 1. Creation; 2. Provision; 3. End of life, as displayed in Figure 1b. The
service provision stage, which is based on satisfying the customer demands by the service provider, is
the stage usually analysed in service development studies. Activities required for the service provision
under optimal conditions are carried out in the creation stage. As the service provision is finished,
the end of life stage includes the activities for a satisfactory treatment of all materials and resources
that have been used.
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A ide nu ber of orks regard PSS as a ix of products and services that are jointly capable of
fulfilling specific consu ers’ needs [4]. Thus, an approach focused on the business develop ent to
boost the sales of a product is provided. In this work, a wider perspective based on the flows between
systems is proposed. Use and provision are, respectively, the main purpose of products and services,
which leave from or enter another product or service system, generating a product–service flow.
Two kinds of systems can be differentiated: the foreground system (FS), which refers to the main
system object of study, and the background systems (BS), which refer to the systems supporting FS
throughout its life cycle. Thus, a PSS is integrated by a bundle of product and service systems, in which
a number of BS is involved in different stages of the FS life cycle.
general sche e to show the flows between FS and BS as well as some examples of PSS,
in which products and services are combined, are shown in Figure 2 (examples of PSS are, respectively,
designated as i, ii, iii and iv). In each PSS, FS and BS are differentiated, and the life cycle stages of FS in
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which the BS is required or generated are highlighted. The general scheme has been used to describe
PSS composed by a product of FS, in which different BS are involved as well as PSS composed by a
service of FS in which a number of BS are identified. This graphic representation is proposed in this
work to facilitate the definition of PSS boundaries and to identify connections between different systems.
Thus, all systems involved in the study and the specific stages of each system to be analysed could be
established according to the depth and the breadth of the study.
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An important point in the analysis, comparison and characterization of the system´s performance
is the definition of the functional unit (FU) as the reference unit that quantifies the primary function
of the system. Doualle et al. [53], indicates that FU has to describe the functi ality of the system
including products and services when it is applied to PSS. In addition, to assess the impacts related to
a main product in syst ms that generat coproducts, the allocation or partition of the flows between
the studied system a d one or more other systems should be established. For example, in dairy
farms produces, milk and man re or wheat grains are simultaneously processed into flour and bran
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during the milling process. The allocation depends on whether or not the coproducts are fully utilised in
the economy, and requires a good knowledge of utilisation proportions [54]. The ISO 14040-series [19]
recommends using allocation to limit the system expansion. Thus, allocation applying physical and
economic weights should be used for setting the proportions in which a system is involved in a
PSS. These parameters or dimensions which are useful in a definition of a specific allocation and its
assessment should be established.
A number of issues should be particularly addressed in each phase of the LCSA methodology
according to the previously exposed approach based on the flows between systems, and taking into
account that the FU identification and the allocation use are relevant to conveniently assess PSS
sustainability. These issues are:
(i) Goal and scope definition. Identification of the FS and BSs involved in PSS and detection of links
between systems. FU definition so that it is referred to both products and services, to describe
and compare the sustainability of the PSS.
(ii) Life cycle sustainability inventory for each system included in the PSS. Inventory data can be
expressed in accordance to the reference unit that quantifies each process or activity.
(iii) Life cycle sustainability impact assessment in PSS. Sustainability results of the PSS should
be expressed in accordance to the FU defined. Allocation could be applied in systems that
generate coproducts.
(iv) Interpretation of results. Analysis of PSS sustainability results. Relative impact of different
systems and recommendations for decision-making process.
3.2. Sustainability Indicators
A set of suitable indicators should be selected in order to effectively assess the sustainability
of PSS. In this work, the quantitative measure of the impacts in each sustainability dimension and the
presentation of results without aggregation are respectively proposed in the selection of indicators
and subsequent results interpretation. Thus, data can be easily compared with those obtained in
other systems, and the improvement of a system can be effectively addressed.
Environmental dimension can be measured by the use of midpoint indicators [21]. Environmental
unit indicators for a variety of products and basic services can be obtained from different data bases,
which have been developed in the last decades based mostly on average data representing average
production and supply conditions [55]. The global warming potential (GWP100), Acidification (Ac)
and global energy (GE) indicators are used in this work to assess the environmental dimension.
GWP100 represents total emissions of the greenhouse gases and it is the most used indicator in
sustainability studies. Ac is an indicator commonly used to show the environmental impact of
farming and livestock activities, and GE is an indicator frequently used in transport, manufacture and
construction activities. These indicators are defined in Table 2.





Global Warming Potential. Total emissions of the greenhouse gases calculating the radiative forcing over a
time horizon of 100 years.
Acidification. It indicates the pH reduction due to emissions of acid gases like the nitrogen oxides (NOx)
and sulphur oxides (SOx).





It expresses the total cost to develop an activity.
Eco-efficiency. Ratio between economic and environmental impacts.





Time required by the workers to develop an activity.
Salary of the workers involved in the development of an activity.
Workers category
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An environmental indicator can be calculated using the corresponding unit indicator,
which is obtained from different data bases. The following databases are used in this work.
The Agri-footprint [56] and Probas [57] databases were applied to obtain unit impacts of a wide
number of raw materials. In addition, the environmental module of Cype software was used to
evaluate impacts in construction projects, the International Environmental Product Declaration (EPD)
System [58] programme was applied to determinate energy consumptions in clothes production and
the emission factors of electric commercial companies operating in Spain [59] were used to obtain
greenhouse emissions due to energy consumption or fuel use.
For the economic and social dimension, different indicators to report and quantify overall data of
each system object of study are proposed (Table 2). Particularly, the following economic indicators are
used: the execution cost (CE) that expresses the total costs to develop an activity and the eco-efficiency
(EE) that combines the economic and the environmental aspects [60]. On the other hand, the category
of workers is selected to evaluate the social dimension of the sustainability and the working time
(Tw) and the salary of the workers (Sw), are the quantifiable indicators considered to value social
impacts. Nevertheless, an exhaustive sustainability assessment would require the study of other
stakeholder groups.
4. Case Studies
Two different PSS are analysed, in which the FS objects of study are a product and a service,
respectively. First, the production process of cow’s milk is studied using data measured in a dairy farm.
Next, the sustainability of a clothing retail service, which is currently operated in the centre of a big city,
is evaluated.
4.1. Case 1: Milk Production
The following phases are usually considered in the supply chain of the milk: (i) production of feed
for cows; (ii) milk production; (iii) milk transport from farm to processing companies; (iv) processing
and packaging; (v) distribution to retailers, (vi) use by the consumer. This study is focused on a limited
number of phases in the product creation stage. Milk processing, packaging and distribution phases
are not analysed. It is carried out in an intensive type farm with 38 cows. An average milk production
of 1064 l is obtained each day.
Other systems are involved in the milk production process. A veterinary service is required to
ensure the animal health and manure is also obtained as a coproduct. Figure 3 shows a scheme of the
resulting PSS, in which two BS, (veterinary service, BS1, and manure, BS2) are involved in FS (milk).Sustainability 2020, 12, x FOR PEER REVIEW 10 of 21 
 
Figure 3. Case 1: Milk production. Systems involved and life cycle stages object of study. 
Table 3. Case 1: Milk production. Inventory data (expressed per litre of milk). 
Material inputs and Outputs Units Meas. 
Feeding 
Corn silage kg 0.786  
Feed kg 0.357  
Alfalfa  kg 0.250  
Water l 3.496  
Other  
material inputs 
Water l 0.282 
Detergent l 0.0014 
Acid l 0.0008 
Protector l 0.0007 
Medicines g 0.150 
Straw kg 0.125 
Diesel l 0.009 
Outputs  
Milk l 1 
Manure kg 2.44 





Mixing and distribution of food 0.343 1.65 
Water heating 0.129 - 
Stables cleaning 0.171 0.94 
Milking 0.050 3.76 
Milk cooling 0.081 - 
Animal health - 0.23 









Indirect costs  0.025 
The milk price in the region in which the study is carried out is 0.31 €/l [59]. Nevertheless, 
money inputs in the system do not only proceed from milk production. Other revenues are obtained 
by the sale of manure fertilizer. In particular, 2.44 kg of manure are obtained as a co-product per 
each litre of milk. Revenues due to both milk and manure production are shown in Table 3. The 
proportion in which each system is economically involved is, respectively, 86.3 and 13.7%. On the 
other hand, the main production costs in the dairy farm are due to the purchase of components for 
cows feeding, consumable (acquisition of other materials and electricity), labour and indirect costs 
Figure 3. Case 1: Milk production. Systems involved and life cycle stages object of study.
Sustainability 2020, 12, 3415 10 of 20
Inventory for each system is obtained. Data of material inputs and energy consumptions in the
dairy farm were gathered for one year [61]. Each cow consumes per day around 40 kg of food and
between 80 and 100 L of water, depending on the season of the year. Feeding consists in three main
components: corn silage, feed and alfalfa. Water is required in the feeding of animals and is also used
in cleaning processes along with other products such as detergent, acid and protector. Medicines,
which are periodically administered to the cows, straw that is used for conditioning the animals stay
area and diesel for vehicles operation constitute the material inputs. Data expressed per litre of milk,
are summarized in Table 3. These data are consistent with those measured in other studies [62,63].
Table 3. Case 1: Milk production. Inventory data (expressed per litre of milk).
Material inputs and Outputs Units Meas.
Feeding













Outputs Milk l 1
Manure kg 2.44
Activities within the dairy farm Energy (MJ) TW (h)·10−3
Mixing and distribution of food 0.343 1.65
Water heating 0.129 -
Stables cleaning 0.171 0.94
Milking 0.050 3.76
Milk cooling 0.081 -
Animal health - 0.23










The milk price in the region in which the study is carried out is 0.31 €/l [59]. Nevertheless, money
inputs in the system do not only proceed from milk production. Other revenues are obtained by the sale
of manure fertilizer. In particular, 2.44 kg of manure are obtained as a co-product per each litre of milk.
Revenues due to both milk and manure production are shown in Table 3. The proportion in which
each system is economically involved is, respectively, 86.3 and 13.7%. On the other hand, the main
production costs in the dairy farm are due to the purchase of components for cows feeding, consumable
(acquisition of other materials and electricity), labour and indirect costs (insurance payments and taxes).
Other revenues such as those due to the commercialization of cows and young animals not destined
for milk production and other costs such as those due to amortization of the dairy farm equipment,
have not been considered in this analysis.
The activity of the veterinarian was also reviewed to obtain a number of significant data. A total
of ten dairy farms are regularly visited within an extensive territory and each farm is usually visited
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once a week. Taking into account the average milk production, a total of 1.3 × 10−4 visits per litre of
milk are obtained. The average distance that the veterinarian drives per visit is 110 km, which requires
a fuel consumption of 6.8 l using a diesel van. The total working time includes both driving time,
which is approximately 1.5 h and service delivery time in the farm, which is around 2.5 h. Its tariff is
99.1 € per visit, which includes labour (70.6 €) and other costs such as fuel and consumable.
The productive process within the dairy farm was analysed taking into account the following group
of activities: mixing and distribution of food, water heating, milking, stables cleaning, milk cooling and
activities associated with cow health. Energy consumptions and working times in these activities are
shown in Table 3. All activities are carried out by only one worker in almost 50 weekly working hours.
The PSS sustainability was measured using those indicators shown in Table 2. In particular,
GWP100 and Ac, commonly used in the dairy sector, are the indicators selected to assess the
environmental impact, and the Agri-footprint [56] database is used to obtain unit impacts of
raw materials. Sustainability indicators, expressed per functional unit, are shown in Table 4.
In accordance with the PSS studied, FU is one litre of milk. In the environmental dimension,
total values of 0.645 kgCO2-eq and 13.28 × 10−3 gSO2-eq are, respectively, obtained. In the economic
dimension, PSS execution cost of 0.326 € and a global ecoefficiency of 0.5 €/kgCO2-eq are calculated.
Finally, in the social dimension, accumulated working times and salaries by the farmer and veterinarian
are 7.13 × 10−3 h and 0.081 €, respectively.
Table 4. Case 1: Milk production. Sustainability indicators. FU: 1 litre of milk.
Environmental Dimension Economic Dimension Social Dimension
System GWP100 (kg CO2-eq) Ac (g SO2-eq)·10−3 CE (€) EE (€/kg CO2-eq) Tw (h)·10−3 Sw (€)
(FS) Milk 0.557 10.9 0.270 0.53 5.7 0.062
(BS2) Manure 0.086 1.8 0.043 0.53 0.9 0.010
(FS+BS2) 0.643 12.7 0.313 0.53 6.6 0.072
(BS1)
Veterinary 0.002 0.58 0.013 6.5 0.53 0.009
PSS
(FS+BS1+BS2)
0.645 13.28 0.326 0.50 7.13 0.081
Reviewing the sustainability indicators of the veterinary service (BS1), we observe that the
incidence of this BS is relatively small in the case of greenhouse emissions (0.31%) but significant in
other PSS indicators such as acidification (4.3%), production costs (3.9%) and working time (7.4%).
On the other hand, total greenhouse emissions of 0.643 kgCO2-eq, production costs of 0.313 € and
working times of 6.6 × 10−3 h are obtained for both milk and manure production. Allocation applying
economic weights is used to separately value indicators in product and coproduct. These are also
shown in Table 4.
The most significant factors affecting PSS sustainability indicators are shown in Figure 4.
Environmental, economic and social aspects are analysed. The percentage distribution of
greenhouse emissions, production costs and working times is represented in Figure 4a–c, respectively.
In each diagram, we can also observe the percentage contribution of each system (FS, BS1 and BS2)
involved in the PSS.
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It is noted that emissions due to feeding components (86.8%) are much higher than emissions due
to other materials, diesel or electricity. Food also accounts for 46.7% of PSS costs but other costs as those
due to labour are relatively high (27.2%). While, milking is the most time-consuming activity (53.1%),
other activities such as the food distribution (23.4%) and stables cleaning (13.2%) are also notable.
A sensitivity analysis is also carried out to assess the uncertainty associated with two different
factors: the amount of food consumed by animals and the distance that the veterinarian has to drive
in or er to visit the dairy far . First, variation of ±9% in food mass was considered. The effects on
GWP100, CE and Tw indicators are shown in Figure 5a. The results are compared with those obtained
in the base case (40 Kg of fo d per cow and per day). Significant variations of ±7.6 and ±4.2% are,
respectively, obtained in GWP100 and CE indicators, while Tw is practically unaffected.
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On the other hand, the sensitivity to the distance driven by the vet was studied considering a
distance range of 12–240 Km. The effects on GWP100, CE and Tw indicators are shown in Figure 5b.
In relation to the base case (110 Km), only small variations can be detected in CE (−0.3 and +1.4%) and
Tw (−2.5 and +3.2%) indicators. The GWP100 indicator is practically unaffected.
4.2. Case 2: Clothing Retail Service
In this case, the sustainability of a clothing retail service located in the centre of a big city is
evaluated. People with a medium–high purchase power that seek a personalized attention are regular
customers of this service. This study is focused on the creation and provision stages of the service
life cycle.
The transformation of an empty area into a well-equipped store of 65.3 m2 was carried out in
the creation stage. Thus, a construction product (BS) is involved in the service development (FS)
such as is shown in Figure 6a. The life cycle stages of both service and construction product are
particularly linked in this case. The product creation is required in the service creation stage, use of
the construction product happens during the service provision stage, and finally, the deconstruction
process and management of wastes generated should be carried out in the service’s end-of-life stage.
A scheme that describes the correlation between the life cycle stages of each system is proposed in
Figure 6b.
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transport and manufacture, as well as those associated to the transport of manufactured materials to
the construction site and construction or installation processes are taken into account. Data of materials
required, energy consumptions, execution costs and working times were obtained by means of Cype
software, which is used in construction projects. Details of all activities required, as well as extensive
inventory data associated to the construction process of the clothing retail store can be consulted in
Muñoz et al. [65]. A summary of these data, in which a total of six groups of activities are considered,
is presented in Table 5.
Table 5. Case 2: Clothing retail service. Inventory data in the creation stage (expressed per m2).
Material Mass (t) Material Mass (t)
Wood 0.33 Plaster 2.99
Metal 0.61 Concrete 20.7
Plastic 0.19 Ceramic 1.23
Glass 0.35 Others 0.03
Activities GE (MJ) CE (€) Tw (h)
Facades 219.8 50.5 0.28
Partitions 272.6 49.3 1.53
Facilities 145.1 135.6 0.60
Coatings 251.1 97.6 2.46
Furniture 115.3 58.2 0.24
Others 239.1 36.8 0.38
On the other hand, the service provision performance was analysed. Operation of the clothing
retail service is carried out by two workers, each working 38.5 hours weekly. Their activities were
classified in the following groups: (i) clothes preparation, which includes reception and unpacking
of the merchandise supplied from the textile industry, classification, ironing and labelling of the
clothes received; (ii) storage and display; (iii) test and fix of clothes, in which personalized attention
to customers in the selection and trying-on of clothes is carried out; (iv) sale and packaging of the
clothes and customer charge; (v) others activities such as cleaning of the store and service management.
Working times and energy consumptions in each group of activities due to the use of different
equipment, as well as the consumptions of different materials are shown in Table 6. Data were collected
over one year and are expressed per customer visit. A total number of 336 visits were registered in the
clothing retail service during the reference year. Four types of customers were differentiated: seasonal,
monthly, on offers and special event customers.
In addition, the costs associated to the service operation were determined. Operating costs were
classified into four groups: clothes provision, labour, consumable and indirect costs. Clothes provision
counts the initial expenditure carried out by the service provider to buy merchandise. Two clothing
collections of around 800 items are purchased each year. Costs due to energy consumption and
acquisition of materials used in packaging, sewing or cleaning activities are included in consumable.
Indirect costs take into account insurance payments and taxes. Data are summarized in Table 6.
The database of the International EPD System [58] was used to assess the environmental impact
in clothes. The EPD for ISKO26632 finished denim fabric jeans in accordance with ISO 14025 was
applied to the half of the clothes acquired, and the EPD for t-shirt 7046 THV was applied to the
other half of clothes. Final PSS sustainability indicators expressing per functional unit are shown in
Table 7. In this case, FU is one customer visit. Only customer visits in which clothes are acquired were
computed. A total operation time of ten years was also considered.
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Clothes preparation 24.44 3.14
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Table 7. Case 2: Clothing retail service. Sustainability indicators. FU: 1 customer visit.
Environmental Dimension Economic Dimension Social Dimension
System GWP100 (kg CO2-eq) GE (MJ) CE (€) EE (€/kg CO2-eq) Tw (h) Sw (€)
(FS) Service 0.454 10.18 10.13 22.31 0.176 0.683
(BS) Store 0.033 0.37 0.127 3.86 0.0016 0.027
PSS (FS+BS) 0.487 10.55 10.25 21.04 0.177 0.71
If environmental indicators are reviewed, total greenhouse emissions of 0.487 kgCO2-eq and
energy consumption of 10.55 MJ are obtained. In the economic dimension, total costs of 10.25 €
and a global ecoefficiency of 21.04 €/kg CO2-eq are obtained. The accumulated working times and
salaries of both service providers and workers involved in the store construction are 0.152 h and 0.71 €,
respectively. We can observe that indicators calculated in the service operation are much higher than
those obtained in the store construction. In all dimensions, more than 93% of the PSS impacts are
caused by the clothing retail service.
The incidence of FS and BS on the PSS sustainability considering different impact factors is shown
in Figure 7. The percentage distribution diagrams of GWP100, CE and Tw indicators are represented in
Figure 7a–c, respectively. It is observed that clothes provision is the most important impact factor in
both environmental and economic dimension, since it accounts for 84.7% of greenhouse emissions and
60% of execution costs. In contrast, in the social dimension, the activities associated to test and fix
clothes (36.3%) and clothes preparation (26.3%) have high incidence in the working time indicator.
Store construction only accounts for 6.7% of GWP100, 1.2% of CE and 1% of Tw.
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The assessment of the PSS sustainability is based on the assumption that the clothing retail service
is operating over ten years. Other scenarios of five and fifteen years, respectively, can be also considered.
Sensitivity of the PSS sustainability to the total operation time is presented in Figure 8a. Results show
that impacts reduce if service operation time increases. In the scenario in which the service operates
for fifteen years in comparison to five years, the GWP100, CE and Tw decrease by, 9.6, 1.6 and 4.1%,
respectively. In addition, the sensitivity of the PSS sustainability due to he variation of ±20% in the
number of clothes acquired was analysed. We observ in Figure 8b that a substanti l variatio of ±15.2
and ±12.1% (compared to the base case) is produced in the GWP100 and CE indicators, respectively.
Social indicator is hardly affected.
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5. Conclusions
In this work, the sustainability assessment of PSS was addressed, giving special attention to
adequately defining the initial structure of these systems. An approach based on the flows between
product and service systems was proposed to facilitate the comprehensive study of the links between the
systems involved. This perspective, in which products and services leave from or enter another product
and service system, subsequently generating a product–service flow, allowed for the identification of
the distinction between the foreground system (FS) and background systems (BS), which support FS
along its life cycle. In order to simultaneously evaluate environmental, economic and social aspects of
the sustainability, the LCSA methodology was applied. In each phase of the LCSA method, specific
PSS aspects such as the FU definition referring to product and service systems, the identification of PSS
boundaries, and the analysis of the sustainability results, taking into account the relative incidence of
each system, were included.
Two different cases were the objects of study. In the first case, the milk production process
was studied, taking into account that manure is also obtained as a coproduct and a veterinary service
is required. In the second case, the development of a clothing retail service was analysed, including the
store construction process. In both cases, FS and BS were identified, PSS boundaries were defined and
links between involved systems were established using flows between systems approach. A quantitative
assessment of the sustainability was obtained in each case by applying a set of indicators referring to
each sustainability dimension. In particular, the global warming potential (GWP100), the execution
cost (CE) and the working time (TW) indicators have been used to analyse sustainability results.
The incidence of each system on the PSS sustainability were evaluated in each case study. In the
milk production case, the economic proportion allocation of 86.3 and 13.7% was applied to separately
evaluate impacts of milk and manure. The veterinary service accounts, respectively, for 4% and 7.4% of
the cost and working time indicators, and its incidence on the environmental indicators is less than 1%.
In the clothing retail case, the store construction accounts for 6.7% of GWP100, 1.2% of CE and 3.2% of
TW.
Furthermore, the identification of factors affecting PSS sustainability and the determination of their
relative impact was carried out in each case object of study. In the milk production case, the results show
that cow feeding is a very relevant impact factor in environmental (86.8% of GWP100) and economic
(46.7% of CE) indicators. Labour is also a notable impact factor in CE (27.2%). In the social dimension,
milking is the most time-consuming activity (53.1% of Tw). Sensitivity of the PSS sustainability
indicators to both amount of food consumed by animals and distance driven by the veterinarian were
also reviewed. Variations of ±7.6 and ±4.2% were obtained in GWP100 and CE indicators, respectively,
due to variations of ±9% in cow feeding. CE and Tw indicators range 1.7 and 5.7%, respectively, if the
distance driven by the vet is modified.
In the clothing retail case, results show that clothes provision is the most important impact factor
in greenhouse emissions (84.7%) and execution costs (60%). While, test and fix of clothes (36.3%)
and clothes preparation (26.3%) are the most influential activities in the working time distribution.
In addition, the sensitivity of the PSS sustainability due to uncertainties in two different factors
was analysed. Variations of ±20% in the clothes provision factor cause variations of ±15.2 and ±12.1%
in the GWP100 and CE indicators, respectively. In contrast, variations of ±50% in the operation time
of the service generation, and variations of ±4.8, ±0.8 and ±2.1% in GWP100, CE and Tw indicators,
respectively, were observed.
Thus, the sustainability of two different PSS was assessed and the incidence of different factors
was analysed. Future research works should expand the PSS study boundaries, adding other involved
background systems, and the entire life cycle of products and services should be considered for
a complete sustainability assessment of systems. Finally, a more sustainable design of PSS or the
redesign of existing systems could be addressed using results of the most important factors affecting
PSS sustainability.
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Abstract
Methods and tools to develop sustainable products are ever more required by companies to balance the efficiency of its 
operations with its responsibilities for environmental and social actions. This work aims at achieving improved products 
along its production stage by the application of a methodology, which consists of three different phases: (i) sustainability 
assessment; (ii) product redesign; (iii) comparing designs. Different impacts are assessed, sustainability strategies are pro-
posed and more sustainable design alternatives are projected. The procedure is supported by the use of engineering metrics 
and sustainability indicators, conveniently selected to quantitatively measure the three dimensions of the sustainability: 
environmental, economic and social. The methodology is implemented in two case studies. First, the manufacturing process 
of an airbrush is analyzed. Next, the cow milk production in a dairy farm is studied. Strategies to reduce impacts and to 
achieve an improvement in the sustainability performance of the product are addressed in each case. Both, environmental and 
socio-economic improvements, are obtained. Thus, a practical method to carry out sustainability-oriented decision making 
in production processes is developed.
Keywords Sustainable design · Methodology · Engineering metrics · Indicators
1 Introduction
Promoting sustainability means taking into account socio-
ethical principles and a model of production and consump-
tion economically feasible (UNCED 1992). In order to pro-
duce both sustainable and competitive products, companies 
need to identify sustainability aspects in the early product 
requirement list as well as integrate tools and methods for 
sustainable product development in the overall decision-
making process (McAloone and Tan 2005; Hallstedt et al. 
2010). Throughout the past decades, many works have inves-
tigated how to achieve sustainable products, but practical 
methods and tools to address the quantitative assessment and 
improvement of the product sustainability are still lacking. 
Thus, the development of methods and guidelines for more 
sustainable production processes is required.
Design for sustainability (DfS) has been mostly focused 
on the product level and mainly on the design of products 
with low environmental impact, usually referred as prod-
uct life cycle design, eco-design or design for the envi-
ronment. Eco-design methodology can be defined as the 
activity aimed at the integration of environmental aspects 
into product design during its whole life-cycle without 
compromising other criteria and specifications like opera-
tion, mode of use or appearance (Brezet and Van Hemel 
1997). A fairly complete set of principles, guidelines and 
tools was developed to support eco-design. Specific tools 
can be divided in three main types: environmental assess-
ment, environmental improvement and integrating require-
ments tools (Table 1). Environmental assessment tools are 
generally based on a life cycle assessment (LCA) method, 
which counts, on the one hand, all the energy and mate-
rial inputs and, on the other hand, the associated emissions 
and waste outputs at each stage of the product life cycle. 
Its structure was clearly defined by the harmonization-
standardization work by SETAC and ISO (ISO 2006a, b). 
Environmental improvement tools provide guidelines and 
rules for helping designers to identify potential actions to 
improve the environmental performance of products. An 
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overview of both environmental assessment and environ-
mental improvement tools can be consulted in the work of 
Andriankaja et al. (2015). Additionally, different tools for 
integrating environmental requirements and balancing them 
against other traditional requirements can be used (Bovea 
and Pérez-Belis 2012). The design process is largely driven 
by product requirements and the identification and integra-
tion of sustainability requirements in the early phases of the 
design process are determinants to guide strategic decisions 
(Watz and Hallstedt 2018).
Eco-design was mainly done from a technical perspec-
tive. Nevertheless, sustainability does not only consist of the 
environmental impact; it also consists of the three dimen-
sions: environmental (planet), economy (profit) and social 
well-being (people) according to a worldwide approach 
(WCED 1987; UNCED 1992). Thus, the economic aspects, 
environment issues and social concerns should be simulta-
neously considered to effectively integrate sustainability in 
product design.
The life cycle sustainability assessment (LCSA) frame-
work (Kloepffer 2007; Finkbeiner et al. 2010; Valdivia et al. 
2013) is a perspective to consider interdependencies between 
ecological and socio-economic systems. LCSA evaluates 
both negative and positive impacts and provide guiding prin-
ciples to achieve sustainable products and services by the 
combination of E-LCA, LCC and S-LCA techniques. Envi-
ronmental Life Cycle Assessment (E-LCA), also referred as 
Life Cycle Assessment (LCA), focuses on the environmental 
aspects of a product throughout its life cycle and its use 
is widespread. Life Cycle Costing (LCC) compiles and 
assesses all money flows at each stage of the product life 
cycle and it can be used in economic aspects of decision-
making process (Hunkeler et al. 2008). The manufacturing 
costs are usually evaluated from a business perspective and 
the total costs form the customer perspective. LCC and 
E-LCA are interlinked through the study of material flows 
over the whole life cycle of the product. Finally, Social Life 
Cycle Assessment (S-LCA) aims at assessing the impact on 
society to improve performance of organizations and dif-
ferent social stakeholders. According to UNEP’s guidelines 
(UNEP/SETAC 2009) the socio-economic impacts can be 
divided into five stakeholder categories: workers, local com-
munity, society, consumers and value chain actors. Another 
alternative classification is based on social issues such as 
human rights, working conditions, health and safety, cul-
tural heritage, governance and socio-economic repercussions 
(Benoît-Norris et al. 2011).
LCSA can be applied using the same structure consid-
ered in a LCA. Thus, four phases are developed: (i) goal 
and scope definition; (ii) Life Cycle Sustainability Inventory 
(LCSI); (iii) Life Cycle Sustainability Impact Assessment 
(LCSIA); (iv) interpreting LCSA results. The selection of 
the system boundaries and functional unit in the three tech-
niques should be consistent and ideally the same. When a 
process generates more than one output, it is suggested to 
apply physical and economic proportions in the allocation of 
Table 1  Tools used in Eco-design methodology
Environmental assessment tools
Full LCA GaBi (PE International); SimaPro (Pré consult-
ants)
Matrix-based tools Qualitative and simplified life cycle analysis 
(ESQCV)
Materials, Energy and Toxicity matrix (MET) 
(Brezet and Van Hemel 1997)
LCA-based tools MECO (Wenzel and Hauschild 2001)
MIPS (Ritthoff et al. 2002)
IMPULSIO (Quantis 2009)
Checklists Environmental Objectives Deployment (EOD) 
(Karlsson 1997)
Ecoconcept spider web (Tischner et al. 2000)
Environmental improvement tools
Guidelines The Ten Golden Rules (Luttropp and Lagerstedt 
2006)
Parametric tools Eco-PaS (Eco-efficiency Parametric Screening), 
(Dewulf 2003)
Eco-design guides LiDS wheel, (Brezet and Van Hemel 1997)
Ecodesign Pilot (Wimmer and Züst 2003)
Information/inspiration (Lofthouse 2006)
Decision-making tools EcoTRIZ (Jones and Harrison 2000)
QFDE (Sakao 2007)
Integrating requirements tools
Design matrix Requirements Matrix (Keoleian et al. 1995)
DFE Matrix (Johnson and Gay 1995)
Eco-functional Matrix (Lagerstedt et al. 2003)
VA Eco-Value Analysis (Eco-VA)
(Oberender and Birkhofer 2004)
Eco-Re-Design (Bovea and Wang 2007)
QFD Green Quality Function Deployment
(G-QFD) (Kuo and Wu 2003)
Quality Function Deployment for Environment 
(QFDE) (Sakao 2009)
FMEA Environmental Failure Mode Effects 
Analysis (E-FMEA) (Nielsson et al. 
1998)
Eco-FMEA (Dannheim et al. 1998)
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resources, as it is used in the practice of each technique sepa-
rately. The type of data to be analyzed can be quantitative, 
semi-quantitative or qualitative. In general, LCA and LCC 
use quantitative data; however, in S-LCA, semi-quantitative 
and qualitative information are also often used because the 
social issues are not easy to quantify.
Kloepffer 2008) indicates as critical issue to establish 
which set of indicators should be used in each impact cat-
egory and underlines the importance of reading the results 
of each technique in combination with the results of the 
other technique rather than summing them up. Valdivia 
et al. (2013) recommend making a parallel representation 
of the three techniques to identify potential and real impacts 
and benefits as well as trade-offs among the outcomes, the 
use of sensitivity analysis to evaluate the uncertainty of 
qualitative data and not performing the aggregation and 
weighting of the results. Nevertheless, different initiatives 
to develop simplified indicators that facilitate the commu-
nication of sustainability results to the decision-makers 
were performed. Traverso et al. (2012), implement the Life 
Cycle Sustainability Dashboard (LCSD) to compare results 
of different products and use an aggregated sustainability 
performance index, which is obtained by a weighted aver-
age of all included indicators’ values. Bernier et al. (2013) 
propose the use of eco-costs as a method to provide a single-
score impact assessment combining LCA and LCC results. 
If composite index are used, weighting and aggregation of 
indicators are essential steps in the formulation process and 
can radically impact the measured sustainability of a system 
(Wilson and Wu 2017). Methods for weighting indicators 
can be categorized into three main groups: equal weighting; 
statistic-based weighting and public/expert opinion-based 
weighting (Gan et al. 2017). Weights determined by public/
expert opinion reflect the value judgments of the participants 
regarding different aspects of sustainability. In any case, a 
composite sustainability index that quantifies complex data 
about a product should provide transparent results to facili-
tate design engineers and decision-makers to entirely under-
stand the problem and to select the most sustainable option.
Ren et al. (2015) distinguish two sustainability assess-
ment indicators type: single indicator and multiple indica-
tors. The multiple indicators type means that multidimen-
sional criteria (environmental-economic-social) are used 
for sustainability assessment. Additionally, multiple alter-
natives or scenarios are typically analyzed in sustainability 
problems and authors propose a Multi-Criteria Decision 
Making (MCDM) method to determine the most sustain-
able industrial system. Thus, LCSA and MCDM are com-
bined to examine three scenarios of bioethanol production. 
A decision-making framework is also used in other works. 
Onat et al. (2016) analyse optimal distribution of alterna-
tive passenger cars and Azapagic et al. (2016) evaluate the 
sustainability of different future technologies and scenarios 
for electricity generation. For addressing data uncertainties, 
which are the result of variations associated with physical 
systems or caused by the lack of information, different meth-
ods can be used. Ren (2018) advises the interval approach 
because the users just need to know the upper and lower 
limits of the data.
On the other hand, sustainability assessment tools should 
be used in conjunction with existing approaches associated 
with the state-of-the-art in design and engineering practice. 
Maxwell et al. (2006) collect some of the most important 
sustainable product development initiatives to that moment 
and provide the “Guide for Developing Sustainable Prod-
ucts and Services in industry” (SPSD). Authors explicitly 
incorporate a functional need as the first life cycle stage 
and determine the most sustainable way of providing that 
function through a product or service. Products and services 
are usually treated as parts of systems that are referred to as 
product service systems (PSS). In current economy, PSS 
is considered as a business and design strategy with the 
potential of enabling a more sustainable society (Vezzoli 
et al. 2014). Kjaer et al. (2018) indicate that PSS solutions 
are promising solutions to enable a transition from a linear 
to a circular economy, where the aim is to think in circular 
product and system life cycles, rather than the existing linear 
paradigm based on “take-make-waste”.
To integrate sustainability aspects in PSS design process, 
Crul and Diehl (2009) propose the design for sustainability 
(D4S) guide that is supported in four main activities: policy 
formulation, idea generation, strict development and realisa-
tion. A typical D4S approach consists of ten steps, such as is 
shown in Fig. 1. First, a work team is created and the goals 
of the project are established according to company strate-
gies and business plans. In addition, a product is selected in 
line with the project goals and the most relevant internal and 
external drivers are determined. Next, product impacts are 
assessed on the three sustainability dimensions and priorities 
are identified. Several strategies are proposed to improve the 
product sustainability. The team draws up a detailed design 
brief and ideas for improving are generated. Afterwards, the 
most promising are selected and developed in detail. Thus, a 
new design is obtained. Comparing the product profile of the 
new design with that of the previous enables an estimate of 
the sustainability merits of the new product. Finally, produc-
tion and follow-up of the new product is carried out.
With a closer approach to the practice of engineering, 
Gagnon et al. (2012) point out the importance of using 
appropriate tools, especially for the analysis of potential 
solutions and the synthesis of the data gathered, to transform 
a Conventional Design Process into a sustainable design pro-
cess. They also identify several critical tasks to achieve com-
pleteness of any design process dealing with sustainability 
and propose the use of the integrated sustainable engineer-
ing design process (ISEDP). These tasks are related to the 
542 Research in Engineering Design (2019) 30:539–558
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definition of a conceptual framework to address the sustain-
ability in design projects.
A wide number of studies have been carried out over the 
past years to put into practice methods and tools to carry out 
sustainable product design. Table 2 shows some of them, in 
which very different products are analyzed. If product eco-
design is examined three main objectives can be observed 
in most studies (Lacasa et al. 2016): (i) comparing differ-
ent stages of the entire life cycle of a product with respect 
to its environmental impacts; (ii) comparing the relative 
environmental impacts of different alternatives; (iii) assess-
ment of the product environmental impact and application 
of improvements. Regarding those studies in which three 
sustainability dimensions are analysed, we observe that 
different techniques (LCA, LCC, S-LCA) are combined to 
quantify the product sustainability performance and compare 
different alternatives or scenarios. Additionally, sustaina-
bility inventory is obtained from data measured in activi-
ties developed in existent industrial plants. Other studies, 
in which the product sustainability is evaluated through 
its design project and a new sustainable product design is 
proposed, are usually not carried out. This work aims at 
projecting more sustainable products by the application of a 
methodology which assesses impacts not only from an envi-
ronmental point of view but also from a socio-economic per-
spective and includes a redesign phase integrating sustain-
ability strategies consistent with the initial product design 
specifications. Methodology applied and results obtained in 
two case studies are shown in the following sections.
2  Methodology
The method, which combines Eco-design and LCSA 
approaches, is focused on the quantitative assessment and 
improvement of the product sustainability in the produc-
tion stage. A set of engineering metrics defined in parallel 
with technical aspects and sustainability indicators that 
allow us evaluating each sustainability dimension are used. 
As Fig. 2 shows, the proposed methodology consists of 
three phases. 
Phase 1: Sustainability assessment
The system boundaries are established in the production 
stage of the product life cycle. A method based on the LCSA 
approach is used to assess the product sustainability.
The production inventory, which involves the identifica-
tion of inputs and outputs associated with the system, is 
obtained in this phase. Manufacturing operations are ana-
lysed in detail to value material transformations, energy 
consumptions, resources allocation, process times and eco-
nomic costs. Thus, the engineering metrics that allow us to 
characterize the production process are determined and the 
indicators to measure the three dimensions of sustainabil-
ity are evaluated. Additionally, the most significant impact 
sources are detected to help designer to implement effective 
redesign strategies.
Phase 2: Redesign process
In this phase, product redesign alternatives are proposed 
taking into account sustainability issues. The application 
of sustainability strategies should be carried out without 
Creating the team and planning the project
SWOT drivers and goals for the company
Product selection
D4S drivers for the select product
D4S Impact assessment
Developing a D4S strategy and a design brief
Idea generation and selection
Concepts development
D4S evaluation
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Fig. 1  Steps of D4S guide (Crul and Diehl 2009)
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compromising specifications already established in the 
initial product design.
The Life Cycle Design Strategy (LiDS) wheel (Brezet 
and Van Hemel 1997) distinguishes a number of eco-
design strategies in all stages of the product life cycle. 
Regarding the production stage, the selection of low-
impact materials, the reduction of materials quantity and 
the optimization of production techniques are considered 
appropriate strategies to improve environmentally a prod-
uct. Considering that sustainability also implies a socio-
economic approach, redesign strategies are applied by the 
identification of the most relevant impact factors in each 
sustainability dimension.
A new production inventory associated with the new 
product design is undertaken to obtain the corresponding 
metrics and sustainability indicators of the redesign.
Phase 3: Comparing designs
The comparative presentation of the sustainability per-
formance of both initial design and redesign is performed 
to detect if improvements have been achieved. The simul-
taneous analysis of environmental, economic and social 
indicators is carried out. Parallel representation of indica-
tors (Valdivia et al. 2013) instead of an aggregated sustain-
ability index is chosen to obtain a comprehensive interpre-
tation of results. While a reduction of the environmental 
indicators is considered positive, according to the nature 
of the indicator used in the analysis, an improvement in 
sustainability may be also associated with the increase the 
indicator in economic and social dimensions.
If improvements in environmental, economic and social 
indicators are respectively obtained, an improvement of 
the product sustainability will be achieved. In another 
case, criteria to value each sustainability dimension will 
be determinant (Ren 2018). These criteria can be signifi-
cantly different in each product analyzed, according to the 
particular interests and preferences of the stakeholders and 
decision makers. Thus, different weights in sustainability 
indicators can be used to reflect the relative importance 
of the three sustainability dimensions. A sensitivity anal-
ysis assigning different weights to the indicators can be 
undertaken.
A set of engineering metrics and sustainability indicators 
are selected in this work in order to assess the product sus-
tainability. To achieve an effective comparison of designs, 
quantitative evaluation of the initial and projected designs 
must be carried out. Consequently, metrics and indicators 
are selected to provide quantitative information, particularly 
in the social dimension. Metrics should describe technical 
and economically the production activity. They should also 
facilitate the evaluation of indicators in the three sustain-
ability dimensions and guide the implementation of effec-
tive strategies of redesign. To achieve these objectives, the 
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• Product mass (MP): it can be obtained by the differ-
ence of the mass of raw materials and the masses of 
both, material removed and by-products generated in 
the production process. The total mass of the product 
could also include the packaging mass.
• Energy consumed in production (EPr): it can be deter-
mined by three different ways, in which the sum of the 
following energy consumptions is, respectively, carried 
out: (i) energy utilized in each different manufacturing 
process, (ii) energy consumed in the manufacture of 
each product component, (iii) energy required to pro-
cess each different material.
• Waste (W): it expresses the efficient use of raw materi-
als in the production process. Both, the mass of raw 
materials and the mass of material removed can be cal-
culated considering either each product component or 
each material used in the manufacturing process.
• Production costs (CPr): it represents the economic cost 
for manufacturing the product. Costs are divided in the 
following groups: raw materials, labour, consumables, 
indirect and amortisation. Tables providing the price of 
products and services as well as salary tables are used 
to value the production costs.
• Production (Pr): it indicates the units of product manu-
factured throughout a time period. Production depends 
on the available resources in the industrial plant and 
how these are allocated (completely or partially). Aver-
age production is obtained from the working times 
involved in each productive operation.
Additionally, a set of indicators are proposed to report 
overall data of the product within the system bounda-
ries, which are established in the production stage. They 
intend to identify the materials or processes that cause 
the most important impacts and to help in the selection of 
improvements.
In order to assess the environmental dimension, different 
impact categories can be selected according to the prob-
lem to be analysed and midpoint or endpoint assessment 
methods can be used. A midpoint method (Guinée et al. 
2001) uses a different indicator for each impact category. 
An endpoint method analyses the final effect aggregating 
different impact categories in a single indicator. In this work, 
the Global Warming Potential  (GWP100) and Acidification 
(Ac) midpoint indicators and the Eco-Indicator 99 (EI99), 
which is an endpoint indicator, are selected.  GWP100 rep-
resents total emissions of the greenhouse gases calculat-
ing the radiative forcing over a time horizon of 100 years. 
It is the most used indicator in sustainability studies. Ac 
indicates the pH reduction due to emissions of acid gases 
like the nitrogen oxides  (NOx) and sulphur oxides  (SOx). It 
is an indicator frequently used to show the environmental 
impact of farming and livestock activities. EI99 weighs dif-
ferent impact categories into a single score (Goedkoop and 
Spriensma 2000). This is a particularly useful indicator to 
communicate results in product design because it shows an 
overall environmental impact using easy and friendly units. 
An environmental indicator can be calculated using the cor-
responding unit indicator  (Indenv)unit, which is obtained from 
Fig. 2  Phases to obtain a more 
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different data bases. A number of databases were developed 
in the past decades based mostly on average data represent-
ing average production and supply conditions for a variety of 
products and basic services (Boër et al. 2013). In this work, 
Probas database (UBA 2007), MEEuP Methodology report 
(Kemna et al. 2005) and Agri-footprint database (Durlinger 
et al. 2017) are used to determine the midpoint indicators. 
EI99 was obtained from the manual for designers developed 
for the Eco-indicator 99 method (VROM 2000).
In the case of the economic dimension, the value 
added (VA), the return on assets (ROA) and the eco-effi-
ciency (EE) are the indicators proposed. The value added 
expresses the net operating profit of the company before 
taxes (Azapagic and Perdan 2000). It is a practical indi-
cator to show the economic viability of any manufactur-
ing process. ROA represents how profitable a company is 
relative to its total assets. Although it is usually applied 
for comparing competing companies, in this work it is 
proposed to economically assess required investments 
to manufacture a new product design. EE is obtained by 
the ratio of the net operating profit and the environmen-
tal impact measured by EI99 (Ng et al. 2015). It allows 
comparing easily economic benefits versus environmen-
tal impacts. On the other hand, the category of workers, 
which is the most affected stakeholder group in the pro-
duction stage, is selected to analyse the social dimension 
of sustainability and quantifiable indicators as the work-
ing time (Tw) and the hourly wage (Wh) are used to carry 
out its assessment. The working time is the average time 
required by the company workers to manufacture one prod-
uct unit and the hourly wage is the labour cost per unit of 
time worked (1 h).
Expressions used to the calculus of the engineering 
metrics and sustainability indicators used in this work are, 
respectively, summarized in Tables 3 and 4.
Table 3  Engineering metrics ENGINEERING METRICS
Product mass (MP) (Kg)
MRM:  
MMR:
MBP:   
Mass of raw materials
Mass of material removed in the production process
Mass of by-products generated in the production process
MT:    Mass of the final product including packaging
MPack: Mass of the packaging




Energy consumed in each manufacturing process of the product
Energy consumed in the manufacture of each component of the product 




Mass of material removed in the production process





Mass of material removed in the manufacture of each component of the product
Mass of material removed for each material different from the product
Mass of raw materials used in the manufacture of each component of the product
Mass of raw materials for each material different from the product






Costs of raw materials used in the manufacture of the product 
Labour costs




Npr:      
tproc:
Number of products produced
Time used in the manufacture of the products
W x 100 
+ + + 
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3  Case studies
The methodology exposed before is applied in two case 
studies. Two products with very different characteris-
tics are reviewed. First, the manufacturing process of an 
airbrush is studied in detail. Data are obtained from the 
product development project (Lacasa et al. 2015). Next, 
the cow’s milk production process is analysed using data 
measured in a dairy farm. In both cases, the objective is 
to obtain a more sustainable product along its production 
stage. The level of the achieved improvement considering 
the three sustainability dimensions is measured through 
convenient indicators.
3.1  Case 1: airbrush
The manufacturing process of a conventional airbrush used 
in model painting jobs is studied in detail. An airbrush needs 
of a compressed air flow of high velocity to atomize liquid 
paint into fine droplets and to throw it over a surface. All 
components that make up the device and its technical speci-
fications are shown in Fig. 3. Paint is supplied by gravity 
and the user controls both, air and paint flows, through the 
trigger located on upper of the airbrush. Accuracy in shapes 
and dimensions of components is required to obtain an opti-
mal operation. In addition, materials of high resistance to 
aggressive fluids should be used.
3.1.1  Sustainability assessment
An industrial installation with the necessary equipment to 
develop the production process of the airbrush is projected. 
Manufacturing operations are carried out by a total number 
of 8 workers and resource allocation is not partitioned. The 
functional unit is one manufactured product. Inputs and out-
puts as well as data of the operations developed, in reference 
to one functional unit, are indicated in Fig. 4. The follow-
ing materials are used: stainless steel (AISI-304 N): brass 
(CW614 N), Teflon (PTFE), low-density rubber (EPDM) 
and Chromium. Most of the airbrush components are manu-
factured in AISI-304 N; CW614 N is used in some threaded 
parts; PTFE is specifically utilized to obtain the packing 
washer (component 6); different seals are made of EPDM 
and Chromium is deposited in the outer surface of the air-
brush as a thin protective layer.
Manufacturing times and energy consumptions in each 
stage of the production process are also indicated in Fig. 4. 
The product is completely assembled and finally tested. 
We can observe that manufacturing times are particularly 
elevated in machining operations and the highest energy 
consumption is found in the finishing process. Calculations 
of material removed are also carried out to obtain the final 
waste percentage generated throughout manufacturing pro-
cess. In addition, revenues due to product sales and produc-
tion costs due to raw materials, labour, energy consumption 
and others are indicated.




GWP100 (Kg CO2-eq) Acidification (Ac) (Kg SO2-eq) Eco-indicator 99 (EI99) pt
inp:
Unit environmental indicator
Input to the system
Economic indicators




Input money due to product sales
Production costs
Average value of the company assets for a given period (usually, an annual period)
Social indicators
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A set of engineering metrics to characterize the airbrush 
production process are assessed and summarized in Table 5. 
The final mass of the airbrush is 168.5 g (without packaging) 
and the total mass of the product that will be transported and 
distributed is 520 g. A total energy consumption of 513.2 
Kw·s is required to manufacture one unit. It can be noted that 
a very high waste percentage (57.1%) is generated. The total 
production costs are 61.2 €. According to the manufacturing 
times calculated and resources used, a production of 6.25 
units/h is planned.
In order to assess the product sustainability, the indicators 
shown in Table 5 are used. In the case of the environmental 
dimension, 1.68 kg of  CO2-eq and 465.1 pt are, respectively, 
obtained for the midpoint indicator  GWP100 and the endpoint 
indicator EI99. Regarding the economic dimension, a net 
operating profit of 8.8 € and an eco-efficiency of 0.018 €/pt 
Fig. 3  Airbrush. Components and technical characteristics
Fig. 4  Airbrush—Initial design. Scheme of the manufacturing process and flows exchanged
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are obtained. If the social dimension is examined, a working 
time of 0.13 h and a hourly wage of 159.1 €/h are calculated.
Next, different impact factors are reviewed and those 
which have the highest incidence on product sustainability 
are determined. Figure 5 shows the impact of the materials 
used in the manufacturing process of the airbrush. The effect 
of each material on the greenhouse emissions  (GWP100) and 
its relative contribution to the production costs (CPr) are 
simultaneously analysed. In addition, four factors are taken 
into account: material in the final product, material removed, 
labour and energy consumption. Two main aspects can be 
observed: (i) the materials with the highest environmental 
impact are AISI304 N and Chromium. In each case, the 
material removed during the manufacturing process causes 
around 50% of the total impact; (ii) more than 80% of the 
total costs are due to the AISI304 N processing and produc-
tion costs obtained from labour and energy consumption are 
much higher than costs due to material acquisition. These 
results help us to implement effective redesign strategies.
3.1.2  Redesign process
Some changes in raw materials’ selection as the use of con-
venient calibrated bars and tubes are proposed with the aim 
of reducing the high percentage of the generated waste. It 
is expected that the number of machining operations can 
be simplified as well. Results due to raw materials adjust 
are shown in Table 6. The following information for both, 
initial design (Di) and redesign (R) is shown for a number 
of components: size of raw materials, machining operations 
that can be eliminated, energy consumption and mass of 
material to be removed along the manufacturing process. If 
the first component (needle cup) is analysed, we observe that 
some operations as contour turning of 0.5 mm and drilling of 
4 mm could be avoided in the redesign by the use of 7 mm 
diameter and 1.5 mm thickness tube. Thus, a significant 
reduction of 0.46 Kw s in energy consumption and 1.18 g 
in material removed could be achieved for this component. 
Additionally, the time of machining operations reduces 258 s 
due to a simplification of a number of operations.
On the other hand, it is proposed to carry out a polishing 
process on the outer surface of the airbrush instead of apply-
ing an electrolytic plating process. The functional specifica-
tions of the product are not modified, since stainless steel 
has excellent mechanical properties including resistance 
to corrosion. In addition, those risks for workers health 
related with inhalation or dermal exposure to the concen-
tration of hexavalent chromium into the air can be avoided. 
An increase of 160 s is expected for the time of finishing 
operations. Taking into account the overall manufacturing 
Table 5  Airbrush—Initial design. Engineering metrics and sustainability indicators
MAirb (g) MT (g) EPr (Kw·s) W (%) CPr (€) Pr (units/h)
 168.5 520 513.2 57.1 61.2 6.25
Environmental dimension Economic dimension Social dimension
 GWP100 (Kg  CO2-eq) EI99 (pt) VA (€) EE (€/pt) Tw (h) Wh (€/h)
 1.68 465.1 8.8 0.018 0.13 159.1
Fig. 5  Airbrush—initial design. 
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process, an improvement of the average time is obtained and 
an increase of the production could be achieved.
A new production inventory is carried out for the rede-
sign. Engineering metrics and sustainability indicators 
resulting of applying previous sustainability strategies 
are summarized in Table 7. Regarding metrics, it should 
be noted that a waste of 49.6% is now obtained and a total 
energy consumption of 251.9 Kw·s is calculated: the produc-
tion costs are 58 € and a production of 7 units/h is expected. 
If environmental indicators are reviewed, 0.93 kg of  CO2-eq 
and 396 pt are assessed for the  GWP100 and EI99. In the 
economic dimension, results obtained for VA and EE are, 
respectively, 12 € and 0.03 €/pt. Finally, in the social dimen-
sion, an average working time of 0.118 h and an hourly wage 
of 178.2 €/h are calculated. All indicators are reported per 
unit of product.
3.1.3  Comparing designs
The percentage variation of the engineering metrics is 
shown in Fig. 6. Considerable changes are observed between 
the values obtained in the redesign and those calculated in 
Table 6  Changes in the manufacturing process of different components of the airbrush
Di initial design, R redesign
Airbrush component Raw materials’ size 
(mm)
Machining operations removed (mm) Ecomp (Kw s) MMR_comp (g)
1. Needle cup
AISI 304
Di Ø8 1.40 1.72
R Ø7 × 1.5 Turning (0.5); Drilling (Ø4) 0.94 0.54
2. Nozzle body
AISI 304
Di Ø10 2.74 5.15
R Ø9 Contour turning (0.5) 2.30 3.99
6. Packing washer
PTFE
Di Ø4 0.11 0.05
R Ø3 Contour turning (0.5) 0.01 0.02
9. Trigger
AISI 304
Di Ø12 19.04 15.6
R Ø11 Contour turning (0.5) 17.82 13.3
11. Sleeve limit
CW614 N
Di Ø10 0.65 2.36
R Ø10 × 2.5 Drilling (Ø5) 0.51 1.39
12. Spring shaft
AISI 304
Di Ø5.5 2.37 4.58
R Ø5 Contour turning (0.25) 1.76 3.29
14. Needle sleeve
AISI 304
Di Ø10 1.80 4.07
R Ø10x4 Drilling (Ø2.8); Reaming (0.8) 1.51 3.38
16. Handle
AISI 304
Di Ø13 21.70 44.2
R Ø12x4 Contour turning (0.5)




Di Ø9 6.01 13.4
R Ø8 Contour turning (0.5) 4.50 9.43
21. Valve body
AISI 304
Di Ø11 5.22 11.21
R Ø10 Contour turning (0.5) 3.96 7.99
26. Nut
AISI 304
Di Ø11 2.88 5.64
R Ø11x2 Drilling (Ø7). Reaming (0.1) 1.44 2.27
29. Airbrush body
AISI 304
Di Ø13 28.51 48.3
R Ø12 Contour turning (0.5) 23.18 35.8
Table 7  Airbrush—redesign. Engineering metrics and sustainability indicators
MAirb (g) MT (g) EPr (Kw·s) W (%) CPr (€) Pr (units/h)
 161.1 512.6 251.9 49.6 58 7
Environmental dimension Economic dimension Social dimension
 GWP100 (Kg  CO2-eq) EI99 (pt) VA (€) EE (€/pt) Tw (h) Wh (€/h)
 0.93 396 12 0.03 0.118 178.2
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the initial design. In particular, the energy consumption 
decreases 51% due to the changes introduced in machining 
and finishing processes and a reduction of 13.2% of waste 
is achieved selecting conveniently raw materials’ sizes. At 
the same time, the mass of the airbrush reduces by 4.4% 
because the chromium layer is not applied; the production 
costs decrease by 5.3% due to costs of raw material acquisi-
tion and energy consumption are minor. In addition, signifi-
cant improvements in manufacturing times are obtained and 
production can be increased by 12%.
If sustainability indicators are compared (Fig. 6), we 
observe that the environmental impact is substantially 
improved.  GWP100 and EI99 decrease, respectively, by 44.7 
and 15%. A significant improvement is obtained in economic 
dimension given that VA increases by 3.2 € and EE grows 
by 0.012 €/pt. Social indicators also improve considerably. 
The average working time reduces by 9.2% and the hourly 
wage increases by 12%.
Thus, an appropriate selection of raw materials and the 
replacement of the chromed layer by a polishing process 
allow obtaining improvements in environmental, eco-
nomic and social indicators. Since all sustainability dimen-
sions are improved a more sustainable airbrush could be 
manufactured.
3.2  Case 2: milk production
In this case, the production of cow milk in an existent dairy 
farm is studied. It can be considered a medium–low size and 
intensive type farm, with 38 cows in production phase. Milk 
provides essential nutrients and is an important source of 
dietary energy, high-quality proteins and fats. Whole cow’s 
milk is composed mainly of water, ions such as salt, min-
erals and calcium, carbohydrates such as lactose, proteins 
such as casein and some vitamins. The feeding of the cows 
has a critical influence on the final proportion of nutrients 
in the milk.
3.2.1  Sustainability assessment
Production inventory and subsequent sustainability analysis 
were carried out considering 1 litre of milk as functional 
unit. Figure 7 shows a scheme of the milk production pro-
cess. Inputs and outputs involved in the system are indicated. 
Operation time and energy consumption in each productive 
activity and the global consumption of energy throughout 
the process are shown. All data are expressed per litre of 
produced milk.
Inputs can be classified as raw material needed in the 
cow’s feeding (corn silage, feed, alfalfa and water); products 
for cleaning the equipment used in extraction and milk stor-
age (water, detergent, acid and protector), medicines, straw 
for conditioning the cows stay area and diesel for vehicles’ 
operation. On the other hand, the dairy farm has the fol-
lowing outputs: milk (main product), manure (by-product), 
cattle (cows and calves), wastewater and medication waste, 
which is collected every 6 months by a specialized company. 
The average daily production of milk per cow is 28 l. Each 
animal requires per day around 40 kg of food and between 
80 and 100 L of water, depending on the season of the year. 
Mixing and distribution of food and cleaning of the stay area 
are activities in which high energy consumption is required 
due to the use of two tractors. All activities are carried out 
by only one worker.
Money inputs in the system do not only come from milk 
production. Other revenues as those from the manure sold as 
fertilizer and the commercialization of both, cows and young 
animals not destined for milk production, are considered. 
Each year around 6 cows and 20 calves are sold. It should 
be also considered that a subsidy from the administration is 
received by farms of these characteristics. On the other hand, 
Fig. 6  Airbrush production. Comparison of metrics and indicators
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production costs are determined. Particularly important are 
the costs due to raw materials’ acquisition, which are nearly 
50% of the total costs. Table 8 summarizes money inputs 
and outputs per each litre of milk obtained. The milk price 
is 0.31 €/l, (data obtained from MAPAMA 2018).
In this case, metrics to characterize the raw material 
use and the by-product generated are selected. Energy 
consumption, production costs and daily production are 
also used. In order to assess the environmental impact the 
 GWP100 and Ac indicators are used, which are commonly 
used in this sector (Baldini et al. 2017); VA and ROA are 
used as economic indicators and Tw and Wh are used in the 
social dimension. Results are shown in Table 9. To obtain 
a litre of milk, 1393 kg of food and 3496 l of water are 
required (3214 l are consumed by animals and 0.282 l are 
used in cleaning processes) whereas 2446 kg of manure 
is obtained as a by-product. The energy consumption is 
769.2 Kw·s and the production costs are 0.345 €. An aver-
age production of 1064 l is obtained each day (28 l per 
cow). Reviewing the sustainability indicators, values of 
0.643 kg  CO2-eq and 0.007 g  SO2-eq are obtained, respec-
tively, for the greenhouse emissions and acidification envi-
ronmental indicators; a value addition of 0.054 € and a 
return on assets of 0.069 are calculated in the economic 
dimension; finally, the average working time required to 








t= 40,6 s; E= 129,9 Kw·s
Re:  0,399 €
Feeding:  
Corn silage: 0,786 Kg
Feed: 0,357 Kg
Alfalfa: 0,25 Kg
Water:  3,21 l
Milking
t= 13,5 s
E= 50,5  Kw·s
BY-PRODUCT













Cleaning of the stay area:




t= 3,3 s; 
E= 343,5 Kw·s
Fig. 7  Scheme of the milk production process
Table 8  Initial milk production process. Money inputs and outputs
Revenue (€) Production costs (€)
Milk 0.3107 Raw materials 0.158
Manure 0.049 Labour 0.072
Cow sales 0.015 Consumables 0.058
Calves sales 0.009 Indirect 0.025
Subvention 0.015 Amortization 0.032
Total 0.399 Total 0.345
Table 9  Initial milk production process. Engineering metrics and sustainability indicators
Mfeeding (kg) Water (l) EPr (Kw·s) Mmanure (Kg) CPr (€) Pr (l/day)
 1.393 3.496 769.2 2.446 0.345 1064
Environmental dimension Economic dimension Social dimension
 GWP100 (Kg  CO2-eq) Ac (g  SO2-eq) VA (€) ROA Tw (h) Wh (€/h)
 0.643 0.007 0.054 0.069 0.0066 10.91
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Different impact factors are analysed and those which 
have the highest contribution are determined. Figure 8 
shows how the impact of the raw materials used in the milk 
production is distributed. We observe that environmental 
impact, evaluated from the  GWP100, is mainly caused by 
feeding components and, particularly, corn silage (42%) 
and alfalfa (24%) are the components with the greatest 
contribution. It is also noted that raw materials have a 
relatively high cost. This is especially elevated for the 
feed (53%). Figure 9 shows the distribution of the times 
and costs associated with different productive activities. 
Thus, socio-economic aspects are considered. We observe 
that milking is a critical activity since a single worker is 
responsible for carrying it out. Other activities as the mix-
ing and distribution of food and the cleaning of the stay 
area have a notable contribution (around 15% each one) 
and the animal health care supposes a high relative cost 
due to the medicine purchase and payment of veterinar-
ian fees.
3.2.2  Redesign process
According to the study of impact factors, two redesign strat-
egies are addressed. First, composition of the cow’s feed-
ing is reviewed and different alternatives are proposed to 
decrease the high impact of the raw materials. In addition, 
the incorporation of a new worker, 50% allocated, is pro-
posed to reduce the time involved in milking tasks. Two 
specifications should be preserved: the total milk daily pro-
duction (1064 l) and the protein content of the milk obtained 
(> 3.2%).
In order to achieve a correct feeding, which provides to 
the cows the appropriate content in nutrients, the advice 
of a nutritionist was requested. As a result, two different 
Fig. 8  Initial milk production 
process. Greenhouse emissions 










Corn silage Feed Alfalfa        Cleaning Diesel           Straw        Electricity
Fig. 9  Initial milk production 
process. Times and costs associ-







RS = Reception/stacking of materials
MD = Mixing/distribution of food
WS = Water supply
M = Milking
Co = Milk cooling
H = Health of animals
Cl = Cleaning of the stay area
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alternatives for feeding are considered. In the first alternative 
the corn silage is replaced by the barley silage. The mass of 
components is not modified. In the second alternative, the 
corn silage is replaced by barley straw and to balance the 
nutrient content in the mixture, the feed and alfalfa masses 
are increased. Nevertheless, the total mass reduces with 
respect to the initial design. Table 10 shows components 
and masses of each feeding alternative.
The  GWP100 and Ac indicators, which are used to assess 
the environmental impact, show, respectively, a reduction of 
24% and 45% in alternative 2. In addition, some activities 
such as transport, mixing and distribution of food, whose 
energy consumption depends on the mass to be handled, can 
also reduce consumptions. Thus, this alternative is imple-
mented in the dairy farm for a period of 6 months. Pro-
duction inventory and subsequent sustainability assessment 
were carried out for the redesign. Metrics and indicators 
finally obtained are summarized in Table 11. To obtain a 
litre of milk in the redesign, 1 kg of food and 3496 l of water 
are required, 2605 kg of manure is obtained and the energy 
consumption is 686.8 Kw·s. Production costs are 0.395 € and 
the daily production is 1064 l. The calculation of indicators 
shows that to obtain a litre of milk, emissions of 0.5 kg of 
 CO2-eq and 0.004 g of  SO2-eq are generated, VA decreases 
to 0.007 € per litre of milk produced. ROA of the dairy farm 
is 0.009. The average time of work is 0.0056 h and the hour 
wage of 16.97 €/h.
3.2.3  Comparing designs
Percentage variations of the engineering metrics used 
in the study are shown in Fig. 10. Changes introduced in 
the composition of the cows’ feeding suppose a substan-
tial decrease of the feeding mass (26.6%) in redesign. The 
water consumption is not modified. The energy consumed 
in production reduces 10.7% due to two factors: a lighter 
feeding requires less power in food preparation and distri-
bution tasks and the incorporation of an additional worker 
allows reducing the time of milking process. The mass of 
manure increases by 6% because the new feeding contains a 
higher percentage of dry matter. Production costs increase 
by 14.5% since both raw material costs and labour costs 
increase. Finally, the average production of milk per day 
does not vary.
If sustainability indicators are compared (Fig. 10), we 
observe the following results:
• Environmental dimension:  GWP100 and Ac decrease, 
respectively, by 22% and 43%.
Table 10  Milk production
Study of feeding alternatives






Initial design Corn silage 0.786 0.275 0.0044 0.027
Feed 0.357 0.129 0.0008 0.096
Alfalfa 0.251 0.156 0.0017 0.030
Total 1.394 0.560 0.0069 0.153
Alternative 1 Barley silage 0.786 0.418 0.0045 0.023
Feed 0.357 0.129 0.0008 0.096
Alfalfa 0.251 0.156 0.0017 0.030
Total 1.394 0.703 0.0070 0.149
Alternative 2 Barley straw 0.143 0.021 0.0001 0.006
Feed 0.500 0.180 0.0012 0.135
Alfalfa 0.357 0.223 0.0024 0.043
Total 1 0.424 0.0037 0.184
Table 11  Milk production process—redesign. Engineering metrics and sustainability indicators
Mfeeding (kg) Water (l) EPr (Kw·s) Mmanure (Kg) CPr (€) Pr (l/day)
 1 3.496 686.8 2.605 0.395 1064
Environmental dimension Economic dimension Social dimension
 GWP100 (Kg  CO2-eq) Ac (g  SO2-eq) VA (€) ROA Tw (h) Wh (€/h)
 0.5 0.004 0.007 0.009 0.0056 16.97
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• Thus, a cow’s feeding in which corn silage is replaced 
by straw and the proportions of both, feed and alfalfa are 
increased has a minor environmental impact in the milk 
production process.
• Economic dimension: VA and ROA indicators reduce 
practically by 87%.
• Revenues in redesign slightly increase due only to 
manure sales. However, production costs substantially 
increase. Consequently, economic indicators experience 
a notable reduction.
• These results show that the milk production based on the 
use of straw, feed and alfalfa in the cows’ feeding has a 
lower economic profit than a production process in which 
corn silage, feed and alfalfa are used.
• Social dimension: Tw reduces by 15% and Wh increases 
by 55%.
• An improvement of the social indicators is observed in 
redesign due to the increase in the number of workers. 
Labour costs have also increased affecting the net operat-
ing profit of the dairy farm.
It is noted that the simultaneous improvement of the three 
sustainability dimensions is not achieved. Thus, weights 
assigned to each dimension will be determinant to consider 
if a final improvement is obtained in the redesigned product. 
In this work, four cases are analysed according to the fol-
lowing assumptions:
• case 1: equal importance of each sustainability dimen-
sion. An equal weight of 0.166 to each of the six indica-
tors selected is assigned.
• cases 2–4: one dominant sustainability dimension is 
established and equal importance is proposed to the rest. 
A weight of 0.5 is assigned to the dominant dimension 
(0.25 to each indicator) and 0.25 is assigned to the other 
two dimensions (0.125 to each indicator).
Table 12 summarises the results obtained. For each sus-
tainability indicator, the percentage variation between initial 
design and redesign is first shown. Positive values indicate 
improvement, whereas that negative values indicate wors-
ening. The final sustainability improvement is calculated in 
each case with the weights assigned to each indicator. We 
observe that cases 1 and 3, in which equal importance and 
dominant economic dimension are considered, do not gen-
erate a final sustainability improvement in redesign. On the 
other hand, in cases 2 and 4, in which the environmental 
and social dimensions are dominant, more sustainable milk 
production can be achieved.
4  Conclusions
This work shows how sustainability requirements are inte-
grated in product design projects to obtain a more sus-
tainable production. In most of the studies carried out to 
date, the product sustainability is mainly addressed from 
an environmental point of view and if three dimensions of 
Fig. 10  Milk production. Comparison of metrics and indicators
Table 12  Milk production
Sensitivity to the weighting of the sustainability indicators
Indicator Change (%) Weights
Case 1 Case 2 Case 3 Case 4
GWP100 22 0.166 0.250 0.125 0.125
Ac 43 0.166 0.250 0.125 0.125
VA − 87 0.166 0.125 0.250 0.125
ROA − 87 0.166 0.125 0.250 0.125
Tw 15 0.166 0.125 0.125 0.250
Wh 55 0.166 0.125 0.125 0.250
Sustainability improvement (%)
− 6.5 3.2 − 26.6 3.8
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sustainability are considered, a design improvement is not 
projected. In this research, environmental, economic and 
social impacts of the initial design are analysed and com-
pared with those obtained after a redesign process.
Methodology is based on the systematic development of 
three phases. First, a detailed analysis of the existent flows is 
carried out to obtain the production inventory, and sustain-
ability is assessed by the use of suitable metrics and indica-
tors. Next, a product redesign process is carried out by the 
application of sustainability strategies while initial specifica-
tions are fulfilled. After obtaining metrics and indicators of 
the redesigned product, initial design and redesign are com-
pared to detect if sustainability improvements are achieved.
The identification of the materials or processes that cause 
the most important impacts and the effective comparison of 
the product sustainability are carried out through the selec-
tion of appropriate engineering metrics and quantitative 
indicators. A functional group of metrics is used to obtain 
technical and economic data of the production activity. 
Additionally, a number of significant quantitative indica-
tors are used to synthesize, assess and compare sustainabil-
ity aspects in each dimension. The category of workers is 
selected to analyse the social dimension of sustainability 
because it is the most affected stakeholder group in the pro-
duction stage. Metrics and indicators applied in this work 
are considered practical to the study of a wide number of 
cases but it is not intended to be a closed group. According 
to the problem to be analysed other indicators could be also 
considered.
Two very different cases were analysed in this work: 
the manufacturing process of an airbrush and the cow milk 
production. In both cases, sustainability strategies were 
focused on reducing the highest impact sources detected 
after evaluating initial design sustainability. In the case of 
the airbrush, these are the material removed and the chromed 
layer applied in the finishing process. In the case of cow 
milk production, the highest impacts were detected in the 
raw materials required for the cows’ feeding and in milking 
activities. Taking into account the initial specifications of 
the product, a redesign process was carried out in two cases. 
Consequently, changes in the sustainability of the airbrush 
manufacture and milk production were obtained. In the case 
of the airbrush, a considerable sustainability improvement 
could be achieved if the projected design is performed. In 
the case of milk production, redesign was put effectively 
into practice and sustainability showed notable improve-
ments in environmental and social dimensions. Neverthe-
less, economic indicators considerably reduced with respect 
to the initial design.
Methodology is implemented in the production stage of 
the product life cycle. Considering that sustainability con-
sists of three interrelated dimensions (environmental, eco-
nomic and social), results obtained in this work allow us to 
confirm that a practical method to assess the sustainability 
performance and to carry out sustainability-oriented deci-
sion making in production processes is developed. Future 
research work should expand the system boundaries and 
apply the methodology to other stages of the product life 
cycle and to the entire life cycle. Thus, strategies to improve 
product sustainability should involve all stages in order to 
achieve a global improvement.
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Estudio de la sostenibilidad de un Sistema 
Producto-Servicio. Creación de un pequeño 
espacio comercial de venta de ropa 
(Sustainability Assessment of a Product-Service System. Creation of a Small Clothing 
Store) 
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José Luis Santolaya, Universidad de Zaragoza, España 
Anna Biedermann, Universidad de Zaragoza, España 
Resumen: La creciente preocupación global sobre problemas medioambientales y sociales ha fomentado la aplicación de 
enfoques de sostenibilidad por parte de la industria. Actualmente, los Sistemas Producto-Servicio (SPS) están recibiendo 
la atención de investigadores y diseñadores debido a su potencial para alcanzar mejoras en la sostenibilidad en un 
amplio número de actividades económicas y modelos de negocios. Sin embargo, los métodos y herramientas existentes 
para evaluar la sostenibilidad son principalmente orientados a producto y difícilmente aplicables para analizar la 
sostenibilidad en el desarrollo de un servicio. Se localizan diferentes retos en la aplicación de la metodología de Análisis 
de la Sostenibilidad del Ciclo de Vida (ASCV): la identificación de la unidad funcional, el establecimiento de los límites 
del sistema teniendo en cuenta que están involucrados diferentes ciclos de vida, de productos y de servicios, y la 
selección de los indicadores apropiados para evaluar cuantitativamente tres dimensiones de la sostenibilidad: la 
medioambiental, la económica y la social. En este trabajo, el ASCV ha sido aplicado a la fase de implementación de un 
servicio de venta al por menor de prendas de vestir para evaluar su sostenibilidad. Se han identificado las relaciones 
entre las etapas del ciclo de vida del servicio y de la tienda de ropa donde operará el servicio. Para medir la 
sostenibilidad del sistema y conseguir una representación global de los resultados se han utilizado unos indicadores 
apropiados. Los resultados revelan las actividades que causan el impacto más alto y, por lo tanto, deberían ser revisadas 
convenientemente para alcanzar una mejora efectiva de la sostenibilidad del servicio. 
Palabras clave: diseño sostenible, sostenibilidad medioambiental y social, ASCV 
Abstract: The growing global concern about environmental and social problems has increased sustainability approaches 
from the industry. Nowadays, Product-Service Systems are currently receiving the attention of researchers, designers, 
and designers-makers due to their potential to achieve sustainability improvements in a wide number of economic 
activities and business models. Nevertheless, the existing methods and tools to assess sustainability are mainly product-
oriented and are hardly applied to analyze the sustainability in service development. Different challenges are found in 
the application of Life Cycle Sustainability Assessment (LCSA): identifying the functional unit, establishing the system 
boundaries taking into account that the life cycles of different products and services are involved and selecting the 
suitable indicators to quantitatively assess each of the three dimensions of the sustainability: environmental, economic 
and social. In this work, LCSA approach has been applied to assess the sustainability of the implementation stage of a 
retail clothing service. Links between life cycle stages of the service and the clothing retail store in which service will be 
operated were identified. A number of appropriate indicators were used to measure sustainability performance and to 
achieve a comprehensive presentation of the results. Results revealed the activities that cause the highest impact and 
should be conveniently reviewed to achieve an effective improvement of service sustainability. 
Keywords: Sustainable Design, Environmental and Social Sustainability, LCSA 
Introducción 
os encontramos ante un periodo de profundas transformaciones en múltiples campos 
afrontando un auténtico cambio de época. Los análisis multidisciplinares apuntan que el 
presente y el futuro serán distintos y que el ciclo actual está históricamente agotado 
            
1 Corresponding Author: Natalia Muñoz, Edificio Torres Quevedo, Calle María de Luna 3, Departamento de Diseño y 





































REVISTA INTERNACIONAL DE SOSTENIBILIDAD 
 
 
(Prats et al. 2016). Las principales élites institucionales, empresariales y académicas son 
conscientes de que los patrones de desarrollo vigentes conducen a la humanidad hacia un colapso 
eco-social y reconocen la extraordinaria importancia de llevar a cabo los 17 objetivos de 
desarrollo sostenible que se adoptaron en la convención mundial de la Cumbre de París sobre el 
Clima (COP 2015) que reunió a 195 países debatiendo sobre la amenaza del cambio climático. 
Este conjunto de objetivos globales forma parte de la nueva agenda de desarrollo sostenible para 
erradicar la pobreza, proteger el planeta y asegurar la prosperidad para todos. Para ello deben 
actuar conjuntamente los gobiernos, el sector privado y la sociedad civil. 
Crisis eco-social 
Existe una urgencia en la cuestión ecológica que se explica porque los sistemas ambientales y 
climáticos que sustentan la vida actual en el planeta están en riesgo y, por lo tanto, nuestra propia 
sociedad y nuestras vidas (desde la producción de alimentos y la obtención de energía y agua 
dulce hasta la eliminación de residuos). El origen y las soluciones relacionadas con este problema 
provienen y requieren transformaciones integrales que afectan a cuestiones estructurales de los 
modelos socioeconómicos y culturales actuales. Además, los plazos de tiempo para realizar 
dichas transformaciones son tan cortos y los lastres del pasado tan fuertes que existen muchas 
dudas sobre si todavía se está a tiempo de evitar alteraciones irreversibles que podrían afectar 
gravemente al clima, los ciclos y los ecosistemas que sostienen nuestra civilización. Por esto, es 
fundamental afrontar el desafío ecológico actuando de manera inmediata y con una visión más 
amplia y de mayor contundencia de lo que se ha hecho hasta ahora.  
Por otro lado, a pesar de que se produjo un crecimiento económico excepcional desde la 
Segunda Guerra Mundial, donde el PIB mundial pasó de los 20 billones de dólares de 1989 a los 
71 billones de dólares en 2016 (Mason 2012), las desigualdades han seguido creciendo y, pese a 
la acumulación de riqueza, aún subsisten millones de seres humanos en estado de extrema 
pobreza. Según informes de la Agenda 2030 de Naciones Unidas (“Agenda 2030 para el 
Desarrollo Sostenible” 2015), el 13% de la población sigue desnutrido y el 21% vive en 
situaciones de extrema pobreza. El informe “Gobernar para las élites, secuestro democrático y 
desigualdades sociales” presentado por Oxfam en 2014 desvela cómo casi la mitad de la riqueza 
mundial se acumula en un 1% de la población (Fuentes-Nieva 2014). 
Las dinámicas de crecimiento poblacional y, muy especialmente, de acumulación de capital 
y de consumo en las sociedades más ricas han provocado una expansión extraordinaria y desigual 
de la huella ecológica. Hoy necesitaríamos 1,5 planetas como la Tierra para poder compensar el 
exceso de impacto inducido por la acción humana (WWF 2010). Esto explica la multiplicación 
de problemas medioambientales que afronta la humanidad; desde la gravedad del cambio 
climático hasta la contaminación atmosférica de las ciudades, pasando por la crisis de los 
ecosistemas y ciclos vitales en la biosfera.  
De acuerdo con el informe Consensus Statement From Global Scientists (MAHB 2013) 
sobre los sistemas que soportan la vida en el siglo XXI, la humanidad se está aproximando 
rápidamente a puntos clave de no retorno y las condiciones de vida pueden sufrir degradaciones 
sustanciales a mediados del presente siglo. Nos enfrentamos a un problema multidimensional y 
sistémico que, por una parte, encuentra unas limitaciones ecológicas claras y alarmantes y, por 
otra, se enfrenta a la obligación de intentar solucionar los problemas sociales. Por tanto, es esa 
interdependencia entre las cuestiones medioambientales, sociales, económicas y políticas la que 
obliga a que los requerimientos ambientales se renueven y amplíen para poder afrontar un 
auténtico cambio civilizatorio en clave de bienestar, justicia social y sostenibilidad ambiental. No 
es concebible pensar en una sociedad saludable en un entorno de ecosistemas degradados y 
tampoco es posible regenerar, con dinero o tecnología, el deterioro de unos sistemas naturales 
que suministran alimentos, agua y aire limpio imprescindibles para la vida.  
La rapidez del crecimiento de las actividades humanas y sus impactos ecológicos y 





































MUÑOZ ET AL.: ESTUDIO DE LA SOSTENIBILIDAD DE UN SISTEMA PRODUCTO-SERVICIO 
 
 
posibilidad de alcanzar un colapso eco-social por la forma en la que se producen y consumen los 
bienes es de un calado tal, que incluso las propias organizaciones empresariales, que tan 
comprometidas están con los patrones de desarrollo vigentes, empiezan a ser conscientes de ello 
y a tomar cartas en el asunto. En 2010, veintinueve grandes compañías privadas del World 
Business Council for Sustainable Development (WBCSD 2010) realizaron el informe “Visión 
2050” en el que se reconoce que los business-as-usual no conducen a situaciones sociales y 
económicas viables y que son necesarios cambios radicales para conseguir corregir el continuo 
crecimiento de las extralimitaciones ecológicas. 
Hacia los servicios sostenibles 
El concepto de desarrollo sostenible se aplica al desarrollo socio-económico y a la sostenibilidad 
ambiental y fue formalizado por primera vez en el documento conocido como Informe 
Brundtland en 1987 (Brundtland 1987), fruto de los trabajos de la Comisión Mundial de Medio 
Ambiente y Desarrollo de Naciones Unidas. Se define como: “Satisfacer las necesidades de las 
generaciones presentes sin comprometer las posibilidades de las del futuro para atender sus 
propias necesidades”.  
El desarrollo sostenible global, la seguridad, el bienestar y la supervivencia del planeta 
dependen de cambios en el modelo económico (Bermejo et al. 2010), por lo tanto, también de 
cambios fundamentales en la forma en que las sociedades producen y consumen (McHarry et al. 
2005). Actualmente las estructuras actuales de consumo y producción no son sostenibles pese a 
los grandes esfuerzos realizados por empresas de todo tipo en lo que concierne a aspectos de 
sostenibilidad con un enfoque en el resultado final. Por medio del manejo de cadenas de 
suministro, informes corporativos y adoptando estándares internacionales relacionados, las 
empresas están mejorando la eficiencia de la producción actual y el diseño de nuevos productos y 
servicios para satisfacer las necesidades del consumidor. 
Tradicionalmente, el foco de las actividades de producción y comercialización se había 
puesto en los productos, mientras los servicios se habían propuesto, en muchos casos, como un 
complemento a la utilidad de los productos. A lo largo de las últimas décadas, los servicios están 
recibiendo la atención de modelos de negocios y sistemas productivos que buscan una posible 
respuesta al desafío de la sostenibilidad, ya que éstos pueden satisfacer las necesidades de los 
consumidores eficientemente. Se propone proporcionar utilidad a los consumidores a través del 
uso de servicios más que de productos como una estrategia de desmaterialización y una posible 
respuesta el reto de la sostenibilidad. 
Muchas actividades económicas se basan en la combinación de ambos, lo que es considerado 
como Sistema Producto-Servicio (SPS), definido como “una mezcla de productos tangibles y 
servicios intangibles diseñados y combinados para que juntos sean capaces de satisfacer las 
necesidades del consumidor final” (Tukker 2006a, 1552–56). O también, como “un conjunto 
integrado de productos y servicios cuyo objetivo es crear utilidad para el consumidor y generar 
valor” (Boehm 2013, 245–60).  
Algunos trabajos tratan este tipo de Sistemas Producto-Servicio como un enfoque de negocio 
innovador que cambia el foco de negocio tradicional desde el consumo de masas a los 
comportamientos individuales y a las necesidades altamente personalizadas (Morelli 2006, 1495–
1501) y, desde la venta de productos físicos únicamente, a la venta de una mezcla de productos y 
servicios que combinados son capaces de satisfacer las necesidades específicas de los 
consumidores (por ejemplo, de la venta de una máquina de lavar a la venta de servicios de 
limpieza). 
Los principales agentes que están involucrados en un SPS son: los clientes o usuarios 
finales, el proveedor del servicio, los actores que participan como intermediarios y otros agentes 
sociales, internos o externos, propios del funcionamiento de la organización. Para interpretar la 
actividad de un servicio, se propone una estructura triangular, en cuyos vértices se encuentran el 
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(Gadrey 2002, 26–53) generando mapas de interacción (Morelli 2006, 1495–1501). Por otro 
lado, los servicios generalmente están peor diseñados y de una manera menos eficiente 
comparados con el desarrollo de productos, ya que las empresas normalmente utilizan métodos 
sin una perspectiva del ciclo de vida completo a la hora de diseñar soluciones de SPS (Cavalieri 
2012, 278–88). 
Las investigaciones ligadas al desarrollo de SPS están aumentando en los últimos años 
debido a que son considerados como una estrategia viable y prometedora de la sostenibilidad 
(Vezzoli et al. 2014; Tukker 2015, 1552–56; Pigosso 2016, 33–41). Se considera que los SPS 
tienen el potencial de proporcionar soluciones a las demandas económicas de la sociedad actual. 
Sin embargo, el desarrollo de SPS no es sostenible intrínsecamente. El uso de técnicas 
cuantitativas facilita la medición y la validez de la sostenibilidad. 
Además, la Producción Más Limpia (PmL) puede ser aplicada a estos sistemas como una 
estrategia integrada de prevención ambiental en los productos y los servicios, con el objetivo de 
reducir riesgos para los seres humanos y el medio ambiente, incrementar la competitividad de las 
empresas y garantizar la viabilidad económica según el Programa de Naciones Unidas para el 
Medio Ambiente (PNUMA). De esta manera surge el reto de compatibilizar esta estrategia de 
PmL con sostenibilidad ambiental, consumo y producción, que solo podrá ser viable si las 
empresas abren sus fronteras para entender lo que está sucediendo en el mundo exterior en 
términos de innovación, asociación e integración de mercados para aunar esfuerzos buscando que 
toda una cadena de producción se fortalezca permitiendo el crecimiento de cada una de las 
empresas que hacen parte del ciclo de vida del producto (Cañón 2013). 
Evaluación de la sostenibilidad de un servicio 
El ACV constituye una de las más importantes metodologías de evaluación ambiental. Según la 
Comisión Europea (COM 2003), el ACV proporciona el mejor marco disponible en la actualidad 
para evaluar los impactos ambientales de los productos. Los primeros estudios de ACV datan de 
finales de los años 60 y principios de los 70 realizados en distintos sectores industriales 
obteniendo gran cantidad de datos sobre procesos industriales (Boustead 1979). Pero, no fue 
hasta la década de los 90, cuando la metodología de ACV se desarrolló, siendo su aplicación 
bastante limitada hasta entonces. En este desarrollo hay que destacar el trabajo en el año 1993 de 
la publicación de referencia del ACV: Guidelines for Life Cycle Assesment: A “Code of 
Practice” elaborada por la SETAC - Society of Environmental Toxicology and Chemistry. Esta 
asociación estableció la primera definición oficial del ACV como:  
un proceso objetivo para evaluar cargas ambientales asociadas a un producto, proceso o 
actividad identificando y cuantificando el uso de materia y energía y los vertidos al 
entorno; para determinar su impacto en el medioambiente y evaluar y poner en práctica 
estrategias de mejora medioambiental. (Consoli et al. 1993) 
A diferencia de otras metodologías que se centran en la mejora de los impactos 
medioambientales de los procesos, el ACV estudia los aspectos medioambientales y los impactos 
potenciales a lo largo de toda la vida de los productos y/o servicios, ‘desde la cuna hasta la 
tumba’, es decir, desde la extracción de las materias primas y la energía necesaria hasta la 
producción, uso y disposición de los productos desde una perspectiva global, sin ningún tipo de 
límites geográficos, funcionales o temporales. En el año 1996, SETAC elaboró el informe 
Towards a Methodology for Life Cycle Impact Assessment, que sirvió de base para la elaboración 
de las primeras normas sobre ACV (ISO 14040-14043) publicadas entre 1997 y 1998.  
Utilizar el ACV en el contexto de servicio implica importantes retos. Se identifican tres: 
definir el sistema de referencia para que el servicio pueda ser comparado, definir la unidad 
funcional y establecer los límites del sistema. Dependiendo del servicio analizado se establecerán 
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requiere la consideración de varios ciclos de vida, los cuales incrementan en gran medida la 
complejidad de los análisis. Algunos autores introducen una distinción entre los ciclos de vida de 
productos y servicios, pero no analizan el ciclo de vida completo del servicio (Tan 2006). 
Consecuentemente, para conseguir una evaluación de la sostenibilidad es necesario una 
especificación gradual de los ciclos de vida, así como su integración efectiva. 
Por otro lado, la sostenibilidad no consiste solamente en el impacto medioambiental. El 
enfoque del ACV es ampliado atendiendo a la triple “P” para contemplar la sostenibilidad 
globalmente: people (social)- planet (ambiental)- profit (económica) (WCED 1987; UNCED 
1992). De esta manera, los aspectos económicos, los temas medioambientales y los asuntos 
sociales deben ser analizados simultáneamente para evaluar de una manera efectiva la 
sostenibilidad de un servicio. Acorde con esta perspectiva se propone el marco del Análisis de la 
Sostenibilidad del Ciclo de Vida (ASCV) para considerar interdependencias entre sistemas 
medioambientales y socio-económicos (Kloepffer 2007, 89–95; Finkbeiner et al. 2010, 3309–22; 
Valdivia et al. 2013, 1673–85). 
ASCV permite la evaluación de impactos y proporciona una guía para lograr productos y 
servicios sostenibles por la combinación de técnicas, tales como: la de Análisis del Ciclo de Vida 
Medioambiental (ACV-M) que se centra en aspectos medioambientales de cada etapa del ciclo 
de vida, la de Ciclo de Vida de los Costes (CV-C) que informa acerca de aspectos económicos 
recopilando y evaluando flujos de dinero y la de Análisis del Ciclo de Vida Social (ACV-S) que 
se centra en el tratamiento del impacto en la sociedad para mejorar la actuación de 
organizaciones y diferentes agentes sociales. De acuerdo con las directrices de UNEP 
(UNEP/SETAC 2009), los impactos socioeconómicos se pueden dividir en cinco categorías de 
agentes: trabajadores, comunidad local, sociedad, consumidores y actores de la cadena de valor. 
También se pueden encontrar otras clasificaciones alternativas basadas en temas sociales (Benoît 
et al. 2011, 682–90). 
El ASCV puede ser aplicado utilizando la misma estructura de cuatro fases considerada en 
un ACV: i) Objetivo y definición del alcance; ii) Inventario de la Sostenibilidad del Ciclo de 
Vida (ISCV); iii) Análisis del Impacto de la Sostenibilidad del Ciclo de Vida (AISCV); iv) 
Interpretación de los resultados de ASCV. La selección de los límites del sistema y de la unidad 
funcional en las tres técnicas debe ser consistente e idealmente la misma. El tipo de datos 
analizados pueden ser cuantitativos, semicuantitativos o cualitativos.  
La elección y establecimiento del conjunto de indicadores que deben ser utilizados en cada 
categoría de impacto es un punto crítico y es importante realizar una lectura de los resultados de 
una técnica en combinación con otra más que la suma total de ellas (Kloepffer 2008). Se 
recomienda realizar una representación paralela de las tres técnicas para identificar impactos 
potenciales y reales, así como intercambios entre los resultados, y el uso de análisis de 
sensibilidad para evaluar la incertidumbre de los datos cualitativos (Valdivia et al. 2013). Sin 
embargo, existen diferentes iniciativas para desarrollar indicadores simplificados que faciliten la 
comunicación de los resultados de la sostenibilidad para los responsables en la toma de 
decisiones: Traverso, en 2012, implementa el Tablero de la Sostenibilidad del Ciclo de Vida (Life 
Cycle Sustainability Dashboard, LCSD) para comparar los resultados de productos diferentes y 
utiliza un índice agregado de actuación de la sostenibilidad, que es obtenido por una media 
ponderada de todos los valores de los indicadores (Traverso et al. 2012). Se propone el uso de los 
eco-costes como un método que proporciona una puntuación sencilla de la evaluación del 
impacto combinando los resultados de ACV-M y CV-C (Bernier et al. 2013). 
Se distinguen dos tipos de indicadores para la evaluación de la sostenibilidad: indicador 
simple e indicador múltiple. Éste último indica que se utiliza un criterio multidimensional 
(medioambiental-económico-social) para la evaluación de la sostenibilidad. Además, es habitual 
analizar varias alternativas o escenarios en temas de sostenibilidad y a menudo se propone un 
método de Toma de Decisiones Multi-Criterio (Multi-Criteria Decision Making, MCDM) para 
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Teniendo en cuenta que el sector de la construcción es el mayor generador de residuos en la 
UE-28, un 34% sobre el total (European Commision 2013), se cree de vital importancia dedicar 
este trabajo al análisis de la sostenibilidad de la etapa de implementación o construcción de una 
tienda bien equipada que será utilizada por un servicio dedicado a la venta de prendas de vestir. 
Esta evaluación se realiza no solo desde una dimensión medio medioambiental, sino también 
desde una perspectiva socio-económica a través de la recopilación de costes de producción y el 
uso de indicadores que reflejan el impacto social en los agentes involucrados. 
Metodología 
En el ciclo de vida de un servicio se han identificado tres etapas: 1. Implementación o creación, 
2. Operación o provisión y 3. Desmantelamiento o fin de vida. En este trabajo se estudia la 
primera de las etapas. Normalmente, la mayoría de los servicios que están basados en la venta de 
productos se realizan en un espacio de venta físico abierto al público, por lo que su creación 
consiste principalmente en la transformación de un espacio vacío en una tienda totalmente 
equipada para poder satisfacer las necesidades del consumidor y proveer el servicio. De esta 
manera, la transformación de este local se considera la construcción de un producto y está 
involucrado en el desarrollo del servicio.  
La Figura 1 muestra las etapas del ciclo de vida del servicio y de la construcción del 
producto y las relaciones entre ellas. En el ciclo de vida de la construcción de un producto 
asociado a los trabajos de edificios e ingeniería civil se identificaron las siguientes etapas (UNE-
EN 15804:2012): A) Producto y proceso de construcción, B) Uso y C) Final de vida. Las fases de 
producto, A1-3, se refieren a la extracción de materiales, el transporte a la fábrica y su 
manufactura. Y las fases del proceso de construcción, A4-5, se asocian al transporte de los 
materiales manufacturados al lugar de construcción y los procesos de construcción o instalación. 
Se observa la relación entre la etapa de implementación del servicio y las etapas de producto 
y proceso de construcción del producto, que, en este caso, es el local vacío inicial transformado 
en una tienda equipada y preparada para proveer el servicio. Además, también se observa 
relación entre la etapa de uso del producto y la etapa de operación del servicio. Por último, se 
identifica la relación entre la etapa de fin de vida del producto y la etapa de desmantelamiento del 
servicio prestado. 
Se aplicó la metodología de Análisis de la Sostenibilidad del Ciclo de Vida (ASCV) para 
evaluar las dimensiones medioambientales, económicas y sociales de la sostenibilidad. La 
aplicación del ASCV está estructurada en cuatro fases: la primera consistió en definir el objetivo 
y el alcance del estudio, así como identificar la unidad funcional y establecer los límites del 
sistema. Después se llevó a cabo un análisis del inventario a través de la recogida de datos y los 
procedimientos de cálculo. Además, también se identificaron y cuantificaron las salidas y 
entradas en relación a la unidad funcional, así como los recursos utilizados en los procesos de 
transformación. En la siguiente fase fueron obtenidos los impactos medioambientales, 
económicos y sociales utilizando un conjunto de indicadores apropiados (Tabla 1). Los 
indicadores seleccionados fueron considerados particularmente útiles puesto que pueden ser 
utilizados para estudiar sistemas muy diferentes y proporcionar una evaluación cuantitativa. 
Finalmente, en la fase de interpretación se obtuvieron los resultados de la evaluación del impacto 


















































Figura 1: etapas del ciclo de vida del servicio y del producto construido en el desarrollo del servicio 
Fuente: elaboración propia, 2019. 
 
Los indicadores utilizados para evaluar la sostenibilidad en las dimensiones medioambiental, 
económica y social están definidos en la Tabla 1. La dimensión medioambiental de la 
sostenibilidad fue evaluada por los indicadores de Potencial de Calentamiento Global (GWP100), 
que mide las emisiones totales de gases de efecto invernadero en un horizonte de tiempo de 100 
años (este indicador puede determinarse aplicando diferentes horizontes temporales pero ha sido 
elegido el horizonte de 100 años por ser utilizado también en el Protocolo de Kyoto (ESU-
Services Ltd. 2019)) y la Energía Global (GE), que cuantifica el consumo de energía 
considerando el uso de la electricidad como valor calorífico de recursos. Para determinar estos 
indicadores han sido utilizadas diferentes bases de datos que están basados principalmente en 
datos medios representando una producción y unas condiciones de suministro medias para una 
variedad de productos y servicios básicos. En este trabajo han sido utilizados el módulo 
medioambiental del software CYPE Ingenieros, la base de datos Probas (UBA 2007), los factores 
de emisiones de compañías eléctricas comerciales y de plantas de reciclaje de residuos de 
construcción y demolición que operan en España (Conama, 2014). En la dimensión económica 
fueron propuestos los siguientes indicadores: el Presupuesto de Ejecución Material (PEM) que 
expresa los costes necesarios para desarrollar una actividad y la Eco-Eficiencia (EE) que 
combina los aspectos económicos y medioambientales, permitiendo una comparación sencilla 
entre éstos. Los agentes involucrados, seleccionados para analizar la dimensión social de la 
sostenibilidad fueron los trabajadores de la construcción de acuerdo con las guías de UNEP 
(UNEP/ SETAC 2009). Los indicadores utilizados fueron el tiempo requerido por los 
trabajadores para desarrollar la actividad (Tt) y el salario de los trabajadores involucrados en el 
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Potencial de Calentamiento Global. Emisiones totales de gases de efecto 
invernadero calculando la fuerza radiactiva a lo largo de un horizonte de tiempo 
de 100 años. 
GE (MJ) Energía Global. Consumo de energía considerando el uso de la electricidad como valor calorífico neto de recursos. 
Dimensión económica 
PEM (€) Presupuesto de Ejecución Material. Expresa el coste total del desarrollo de una actividad. 
EE  
(€/KgCO2-eq) 
Eco-eficiencia. Ratio entre PEM y GWP100. Permite una comparación sencilla 
entre los impactos económicos y ambientales.  
Dimensión social 
Tt (h) 
Tiempo de trabajo. Tiempo requerido por los trabajadores para desarrollar una 
actividad. 
St (€) Salario de los trabajadores involucrados en el desarrollo de una actividad. 
Fuente: elaboración propia, 2019. 
Caso de estudio 
Se analiza un servicio de venta de prendas de vestir al por menor que está actualmente operativo. 
Se desarrolla en un local comercial de 65 m2, situado en el centro de una ciudad de tamaño 
medio. El servicio prestado consiste en el asesoramiento y venta de prendas de vestir a mujeres 
de un nivel adquisitivo medio-alto. El local es de una planta entre medianeras con un pequeño 
altillo y una fachada que sirve de escaparate y entrada. 
La sostenibilidad de la fase de implementación del servicio ha sido analizada teniendo en 
cuenta las dimensiones medioambiental, económica y social. Para ello se identificaron los 
principales agentes involucrados, así como la secuencia de actividades desarrolladas, la 












































Figura 2: etapa de implementación del servicio de venta de ropa. 
Fuente: elaboración propia, 2019. 
Objetivo y alcance 
La etapa de implementación del servicio se establece como los límites del sistema. El objetivo de 
este trabajo es la cuantificación de los impactos medioambientales, económicos y sociales 
teniendo en cuenta todas las actividades y materiales necesarios para crear el servicio. Como se 
muestra en la Figura 1, en el proceso de creación del servicio están involucradas dos etapas del 
ciclo de vida de la tienda de ropa: producto y proceso de construcción, donde pueden ser 
diferenciadas las fases desde la A1 a la A5. La unidad funcional es 1 m2. 
Inventario 
Las principales actividades involucradas en la creación del servicio fueron organizadas en un 
total de 10 grupos (1. Desmontaje, 2. Solera, 3. Forjado de altillo, 4. Fachada, 5. Particiones, 6. 
Instalaciones, 7. Revestimientos, 8. Equipamiento, 9. Mobiliario y 10. Otros). Se resumen en la 
Tabla 2 los datos asociados a cada una de las actividades. En particular se han indicado los 
valores del indicador de GE en las fases de construcción (A1-3) y producto (A4-5), el tiempo de 
trabajo y el salario de los trabajadores en la fase A5 y los costes totales. Todos los datos están 
expresados por unidad, la cual es utilizada para medir el progreso de la actividad. Si revisamos el 
grupo 6. Instalaciones, conlleva las actividades de 6.1. Tubería de distribución de Agua Caliente 
Sanitaria (ACS), 6.2. Unidad de tratamiento de aire, 6.3. Instalación de fontanería, 6.4. Extintor 
portátil de polvo y 6.5. Luminarias fijas y móviles. Si observamos la actividad 6.1. Tubería de 
distribución de ACS en detalle, ésta supone una medición de 1,10 m y un consumo de energía de 
9,45 y 0,09 MJ/m en las fases de producto y proceso de construcción respectivamente, también 
son necesarios 2 trabajadores en esa actividad que trabajan 0,24 h/m y reciben un salario de 4,15 
€/m y el coste total de la actividad es de 15,2 €/m.  
Evaluación del impacto 
Para evaluar la sostenibilidad de la etapa de implementación se utilizan los indicadores definidos 
en la Tabla 1. Los resultados obtenidos de las actividades involucradas en la creación del servicio 
son resumidos en la Tabla 3, además de los valores totales. Si revisamos el grupo de actividades 
número 6 destinado a las instalaciones, se obtienen 1.338,24 kg CO2-eq y 9.475,65MJ en los 
indicadores medioambientales de GWP y GE, respectivamente. Además, se obtiene un PEM de 
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Y en la dimensión social se obtienen 74,74 h como el tiempo que dedican los trabajadores en ese 
grupo de actividades y por el que reciben un salario de 744,20 €, obteniendo los valores de los 
indicadores de Tt y St, respectivamente. Considerando las 10 actividades de construcción y 
montaje se obtienen un total de 7.298,02 kg CO2-eq y 81.195,11 MJ de los indicadores de GWP 
y GE respectivamente. En la dimensión económica, el PEM total es de 27.979,40 € y la EE total 
es de 3,83 €/kgCO2-eq. Además, se obtienen 396,55 h y 6.018,47 € de Tt y St respectivamente en 
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Tabla 2: información de las actividades necesarias para la creación del servicio de venta de ropa 
Actividades de construcción y montaje Med. Unid. 













1. Desmontaje       
    
   
 1.1. Desmontaje de puerta garaje 1,00 pc. 0,00 2,12 3 1,15 19,48 19,87 
2. Base 
        2.1. Solera de hormigón 65,29 m² 130,19 7,78 3 0,08 1,20 4,74 
3. Estructura de altillo 
        3.1. Estructura de hormigón armado 9,43 m² 553,63 11,31 6 1,49 26,54 50,44 
4. Fachadas       
        4.1. Carpintería acero escaparate 
4.2. Rejilla metálica de ventilación 
4.3. Puerta enrollable aut. de acero 
4.4. Puerta de acero templado 









































5. Particiones       
        5.1. Tabiquería interior 
5.2 Puerta interior abatible 

























6. Instalaciones       
        6.1. Tubería distribución de ACS 
6.2. Unidad de tratamiento de aire  
6.3. Instalación de fontanería  
6.4. Extintor portátil de polvo 









































7. Revestimientos       
        7.1. Alicatado con azulejo en aseo 
7.2. Guarnizado de yeso 
7.3. Base para rampa de entrada 
7.4. Pavimento laminado de HDF 
7.5. Rodapié de MDF  
7.6. Aplicación manual de pintura 
7.7. Enfoscado de cemento 
7.8. Falso techo continuo  









































































8. Equipamientos       
        8.1. Inodoro de porcelana sanitaria 

















9. Mobiliario       
        9.1. Mobiliario en almacén  

















10. Otros       
        10.1. Transporte de residuos  

















Fuente: elaboración propia, 2019. 
Interpretación de los resultados 
Para facilitar el análisis y la interpretación de los resultados se muestra la distribución porcentual 
del impacto generado por los grupos de actividades involucrados en la creación del servicio en la 
Figura 3 donde se han analizado los indicadores GWP100, PEM, y Tt. En el indicador 
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6. Instalaciones (18,7%) son los que producen un mayor impacto. En el indicador económico, los 
grupos 6. Instalaciones (31,4%) y 7. Revestimientos (22,9%) son los que causan un mayor 
impacto.  
En cuanto al indicador social, los grupos que crean mayor impacto son 7. Revestimientos, 5. 
Particiones (25,1%) y 6. Instalaciones (19,3%). Se puede observar que los grupos de actividades 
5. Particiones, 6. Instalaciones y 7. Revestimientos acumulan más del 60% del impacto total en 
los indicadores de GWP100 y PEM y más del 80% en el indicador Tt. Además, se muestran en 
detalle las actividades de los grupos con un impacto más alto en cada caso. Las actividades que 
causan un impacto más alto entre los indicadores analizados son la 7.8. Falso techo continuo 
(4,8%) y la 7.6. Aplicación manual de pintura (4,4%) en la dimensión medioambiental, las 
actividades 6.5. Luminarias fijas y móviles (15,8%) y 6.2. Unidad de tratamiento de aire (14,5%) 
en la dimensión económica y la actividad 7.6 Aplicación manual de pintura (20,4%) en la 
dimensión social. De esta manera se han identificado las actividades que tienen mayor efecto en 
la sostenibilidad de la etapa de implementación del servicio. 
 
 
Figura 3: impacto causado por las actividades 
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En la Tabla 4 se muestran los indicadores de la sostenibilidad tratados en la etapa de 
implementación del servicio de ropa, expresados por unidad funcional. Un total de 111,7 kg CO2-
eq y un total de 1.243,4 MJ fueron obtenidos respectivamente en los indicadores de emisiones de 
gases de efecto invernadero y energía incorporada por metro cuadrado. Los costes de ejecución 
fueron 428,4 €/m2, por lo que se obtienen 3,8 €/kgCO2-eq en el indicador de eco-eficiencia. El 
tiempo de trabajo y el salario de los trabajadores implicados en la fase de construcción fueron 
6,07 h/m2 and 92,1 €/m2 respectivamente. 
 
Tabla 4: indicadores de sostenibilidad de las actividades 













111,7 1.243,4 428,4 3,8 6,07 92,1 
Fuente: elaboración propia, 2019. 
Conclusiones 
En este trabajo se ha analizado la sostenibilidad de la etapa de implementación de un servicio que 
se dedica a la venta al por menor de prendas de vestir. Las dimensiones medioambiental, 
económica y social han sido evaluadas aplicando una metodología de ASCV. Se han identificado 
las relaciones entre las diferentes etapas del ciclo de vida del servicio y las etapas del producto en 
construcción, que en este caso se considera la tienda como lugar físico donde se va a 
proporcionar el servicio. Los límites del sistema se han establecido en la fase de implementación 
del servicio (y, por tanto, en la fase de construcción de la tienda) y se han seleccionado a los 
trabajadores de la construcción como los principales agentes involucrados para evaluar la 
dimensión social. 
Se han seleccionado una serie de indicadores que pueden ser utilizados para estudiar y 
comparar diferentes sistemas y proporcionar una evaluación cuantitativa de los aspectos 
medioambientales y socio-económicos. Estos indicadores han sido obtenidos mediante un estudio 
detallado y de acuerdo a las actividades llevadas a cabo en la etapa de implementación. Al 
realizar la evaluación de la sostenibilidad se han identificado las fuentes de impacto más 
importantes. De este modo, es posible proponer una mejora en la sostenibilidad del servicio y 
progresar en el estudio de diseño de servicios y sistemas producto-servicio sostenibles. 
El análisis de la etapa de implementación del servicio de venta de ropa ha permitido obtener 
una serie de conclusiones relativas a los principales focos de impacto: las actividades asociadas a 
la aplicación de revestimientos son especialmente importantes en los resultados obtenidos en los 
indicadores medioambientales y sociales, y las actividades asociadas al desarrollo de las 
instalaciones causan el impacto económico más alto. Estas actividades deberán ser revisadas para 
lograr una mejora efectiva de los indicadores de sostenibilidad. El objetivo de un trabajo futuro 
será la evaluación de la sostenibilidad del ciclo de vida completo teniendo en cuenta también las 
etapas de uso y de final de vida del servicio, y el desarrollo de estrategias para obtener una 
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Abstract. Design for sustainability has progressively evolved from the product
level, usually referred as product Life Cycle Design or Ecodesign, towards a
more complex approach, in which Product-Service Systems (PSS) are consid-
ered, and from an analysis only focused on the environmental impact to the
simultaneous study of the three dimensions of sustainability: environmental,
economic and social. In this work, the sustainability assessment of a PSS is
addressed. A small clothing store is projected and all products and activities
needed to create the retail space in which commodity is delivered, stored, dis-
placed and tried out by the buyers are analyzed. Sustainability assessment is
focused on the implementation phase of the service life cycle. A set of appro-
priate indicators are used to quantitatively evaluate each sustainability dimen-
sion. The greenhouse gas emissions indicator is used to assess the environmental
impact, the budget of material execution is selected to evaluate the economic
dimension and the working time associated to the category of workers, which is
the most affected stakeholder group, is used to value the social dimension.
Keywords: Sustainable design  Product-Service System  Sustainability
indicators
1 Introduction
Initiatives to adopt more sustainable approaches in industrial and economic activities
have been evolving throughout the last decades. Design methods that do not only focus
on the improvement of the environmental impacts associated to products, as Ecodesign
[1] are required by the companies. Several authors have proposed providing utility to
consumers through the use of services rather than products as a strategy of demateri-
alization and a possible answer to the sustainability challenge [2]. Since every product
offers some kind of service and every service is based on the use of one or several
support products, services and products are usually treated as parts of systems that are
often referred to as Product Service Systems (PSS) [3]. Tukker and Tischner [4] define
PSS as “a mix of tangible products and intangible services designed and combined so
that they are jointly capable of fulfilling final customer needs”.
In this perspective, it is necessary to develop criteria, methods and tools to support
the PSS design process. Although PSS have been recognized as a sustainable solution,
© Springer Nature Switzerland AG 2020
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its effects have not been systematically assessed. In fact, the literature regarding PSS
sustainability assessment is still in the early phase and it requires criteria to define
whether a PSS is sustainable [5]. In order to ensure PSS sustainability through its life
cycle, sustainability assessment is a critical question that needs to be carefully
addressed.
On the other hand, a rigorous sustainability assessment requires that three simul-
taneous dimensions (environmental, economic and social) be considered. This model to
address the sustainability is known like Triple Bottom Line (TBL) [6]. The environ-
mental dimension refers to the management of the planet resources, the economic
dimension to the control and distribution of benefits and the social dimension to the
well-being of living creatures.
The investigations of different authors [7, 8] to evaluate the three sustainability
dimensions along the entire life cycle of a product, allowed developing the Life Cycle
Sustainability Assessment (LCSA) framework (Fig. 1). It combines three techniques of
life cycle assessment: E-LCA, LCC y S-LCA. E-LCA (Environmental Life Cycle
Assessment), also called LCA, is focused on environmental aspects. LCC (Life Cycle
Costing) assess economic issues and S-LCA (Social Life Cycle Assessment) studies the
impacts on organizations and social agents. Thus, three simultaneous life cycles are
analyzed, which can be expressed as: LCSA = LCA + LCC + S-LCA. In addition, a
set of criteria and indicators are used to evaluate each dimension.
Fig. 1. LCSA diagram addressing three dimensions of sustainability [8].
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LCSA methodology is already being applied in product design [9] but it is hardly
applied to analyze the sustainability performance in service delivery and Product-
Service Systems. In this work, the implementation phase of a clothing retail service is
analyzed and its sustainability is assessed using a set of appropriate indicators.
2 Methodology
In this work, LCSA approach has been applied using the same structure of four phases
considered in a LCA [10]: goal and scope definition, inventory analysis, impact
assessment and interpretation.
First, goal and scope of the study are defined, the functional unit is identified and
the system boundaries are established. Next, inventory analysis is carried out through
data collection and calculation procedures. Inputs and outputs related with the func-
tional unit, as well as the resources used in the transformation processes are identified
and quantified. Environmental, economic and social impacts are obtained in the fol-
lowing phase using the indicators shown in Table 1. The indicators defined are con-
sidered particularly useful to develop the suggested methodology in two ways: they can
be used to study very different systems and provide quantitative information. The
Generator of Construction Prices database of CYPE Engineers software of Spain in
2018 version was used to calculate indicators selected because it enables the evaluation
of environmental and socio-economics aspects [11]. Finally, the interpretation phase
combines the results of inventory analysis with impact assessment to obtain the
required conclusions and recommendations for decision making process. It allows
determining the system impact spots and thus, which of them should be improved.
Table 1. Sustainability indicators used to asses PSS sustainability.
Environmental indicators
GWP100 (Kg CO2-eq) Global Warming Potential. Total emissions of the greenhouse gases
calculating the radiative forcing over a time horizon of 100 years
GE (MJ) Global Energy. Energy consumption considering electricity as well as
net calorific value of resources used
Economic indicators
BME (€) Budget of Material Execution. It expresses the total cost to develop a
project
EE (€/KgCO2-eq) Eco-efficiency. Ratio between BME and GWP100. It allows comparing
easily economic and environmental impacts of individual or global
activities
Social indicators (workers category)
Wt (h) Working time. Average time required by the workers to develop an
activity
Lc (€) Labour cost. Average cost associated to the workers labour
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3 Case Study
A clothing retail service is studied. Three stages are considered in its life cycle:
implementation or creation, operation or delivery and dismantling or end-of-life. On the
other hand, the stages of product, construction, use and end-of-life constitute the life
cycle of the clothing retail store, in which the service will be developed. Both, service
and product life cycles are shown in Fig. 2.
3.1 Goal and Scope
The service implementation stage is established as system boundaries. The quantifi-
cation of environmental, economic and social impacts, taking into account all activities
and materials required to create the service, is the objective of this work. As is shown in
Fig. 2, two stages in the life cycle of the clothing retail store: product and construction
process, are involved in the service creation process. Phases from A1 to A5 can be
differentiated within these stages. Obtaining a well-conditioned commercial space of
65 m2, which will be located in the center of a big city, is the functional unit.
3.2 Inventory
All activities required to create the clothing retail service are shown in Table 2. A total
of 12 groups of activities are considered, from 1. Disassembly to 12. Furniture. The
Fig. 2. Life cycle stages of service and product built to develop the service.
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Table 2. Data of the activities required in the creation of the clothing retail service.













l. l. Disassembly of swivelling
garage gate
1,00 pc. 0,00 2,12 3,00 1,15 19,48 19,87
2. Base
2.1. Mass concrete base 65,29 m2 130,19 7,78 3,00 0,08 1,20 4,74
3. Loft fabric
3. 1. Reinforced concrete
fabric
9,43 m2 553,63 11,31 6,00 1,49 26,54 50,44
4. Facades
4.1. Galvanized steel fixed
carpentry to window
1,00 pc. 5.581,18 53,48 2,00 0,38 6,60 643,58
4.2. Fixed metal grid to
ventilation
1,75 m2 21,97 0,13 2,00 0,61 10,61 114,45
4.3. Zinc plated steel
automatic rolling shutter
1,00 pc. 3.097,24 30,16 6,00 5,46 94,06 1.641,06
4.4. Tempered glass door
enclosure
1,00 pc. 15,13 0,28 2,00 2,12 34,38 269,80
4.5. Laminated safety glass 9,23 m2 589,53 10,35 2,00 0,96 15,57 58,89
5. Partitions
5.1. Partitioning 33,29 m2 268,17 21,95 4,00 1,93 33,01 43,31
5.2. Bling folding interior
door
1,00 pc. 158,45 4,77 2,00 2,00 34,42 187,31
5.3. Braced self-supporting
plasterboard
69,59 m2 126,51 4,68 2,00 0,48 7,46 22,92
6. Facilities
6.1. General pipe of
distribution SHW
1,10 m 9,45 0,09 2,00 0,24 4,15 15,20
6.2. Air handling unit in false
ceilings
1,00 pc. 112,91 1,37 2,00 7,94 137,09 4.084,21
6.3. Plumbing interior
installation to toilet
1,00 pc. 157,06 1,82 2,00 5,40 162,29 265,38
6.4. Powder extinguishers 1,00 pc. 754,44 3,45 1,00 0,10 1,62 44,32
6.5. Fixed and movable
luminaires
31,00 pc. 127,07 0,35 2,00 0,82 14,15 143,54
7. Insulations
7.1. Thermoacoustic
insulation under the floor
51,74 m2 33,97 1,38 2,00 0,28 4,36 9,89
8. Coatings
8.1. Tiling 10,16 m2 208,06 8,40 2,00 0,70 11,89 23,64
8.2. Plaster in vertical
surfaces
33,85 m2 61,06 0,86 2,00 0,51 8,73 10,78
8.3. Pavement base to ramp 1,20 m2 363,28 6,89 2,00 0,50 8,43 20,01
8.4. Laminated pavement of
HDF board
58,61 m2 44,10 3,22 2,00 0,18 2,83 24,17
(continued)
Sustainability Assessment in the Implementation Phase of a Retail Space 35
following data are indicated for each activity: measurement and units, energy con-
sumption for the A1-3 and A4-5 phases, workers number required in the A5 phase
(construction process), working time and labour cost of the workers in this phase and
finally, the total cost of each activity. All data are expressed per unit of measurement.
3.3 Impact Assessment
Indicators defined in Table 1 are used to assess the sustainability performance. Results
obtained for the activities involved in the service creation are summarized in Table 3.
Global values are also indicated. A total of 7.298,02 kgCO2-eq and 81.195,11 MJ are
obtained for the GWP100 and GE environmental indicators respectively. In the eco-
nomic dimension, the global BME is 27.979,40 € and the global EE is 3,83 €/kgCO2-
eq. In addition, 396,55 h and 6.018,47 € are, respectively, obtained for the Wt and Lc
social indicators.
Table 2. (continued)












8.5. Skirting of MDF board 29,30 m2 1,66 0,17 1,00 0,09 1,37 8,33
8.6. Application manual of
paint
236,51 m2 9,17 0,18 2,00 0,34 5,68 10,80
8.7. Cement rendering in
vertical surfaces
10,16 m2 39,89 1,38 2,00 1,01 17,07 18,73
8.8. Suspended continuos
false ceilings
36,80 m2 113,96 4,73 2,00 0,45 7,14 22,58
9. Equipment
9.1. Sanitary porcelain toilet 1,00 pc. 1.020,04 12,48 1,00 1,26 22,84 250,97
9.2. Sanitary porcelain basin 1,00 pc. 743,99 8,85 1,00 1,31 23,75 485,13
10. Waste management
10. 1. Transport of mix of
waste without sort
20,00 m3 0,00 55,13 0,00 0,00 0,00 3,32
11. Health and safety
11. 1. Pair of gloves against
mechanical risks
2,00 pc. 0,00 0,00 0,00 0,00 0,00 3,41
11. 2. Pair of shoes of security 2,00 pcs. 0,00 0,00 0,00 0,00 0,00 89,38
11. 3. Mobile scaffolding
tower
1,00 pc. 0,00 0,00 0,00 0,00 0,00 251,58
11. 4. Portable lamp 1,00 pc. 0,00 0,01 1,00 0,11 1,78 5,49
11. 5. General electrical board 1,00 pc. 6,64 0,33 2,00 1,12 18,10 321,51
11. 6. Powder extinguishers 1,00 pc. 754,44 3,45 1,00 0,11 1,78 44,48
12. Furniture
12. 1. Warehouse furniture 5,00 pc. 79,08 4,77 2,00 1,06 18,03 175,73
12. 2. Sales space furniture 10,00 pc. 706,67 4,77 2,00 1,06 18,03 292,48
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3.4 Results Interpretation
In order to facilitate the analysis and interpretation of results, the percentage distribution
of the impact generated by the activities involved in the service creation are shown in
Fig. 3. GWP100, BME and Wt indicators are analyzed. We observe that activities
associated to the groups 5. Partitions, 6. Facilities and 8. Coatings have the most
noteworthy impact in each sustainability dimension. These activities accumulate more
than 60% of the GWP100 and BME indicators and more than 80% of the Wt indicator.
Additionally, those activities with the highest impact in each indicator are shown in
detail. It is observed that the impact of specific activities denominated 5.1. Partitioning
(13,5%); 6.5. Fixed and movable luminaries (18,3%) and 8.6. Application manual of
paint (21,1%), is particularly elevated. Thus, activities that have the greatest effect on
the sustainability of the service implementation stage are identified. These activities
should be reviewed to achieve an effective improvement of the sustainability indicators.
The sustainability assessment of the entire service life cycle as well as the development
of strategies to achieve its improvement will be the object of future work.






GE (MJ) BME (€) EE (€/kg
CO2-eq)
Tw (h) Sw (€)
1. Dissasembly 0,17 2,12 19,87 119,70 1,15 19,48
2. Base 825,46 9.008,19 309,47 0,37 5,22 78,34
3. Loft fabric 496,98 5.327,47 475,65 0,96 14,05 250,27
4. Facades 1.047,95 14.353,20 3.298,28 3,15 20,77 297,30
5. Partitions 1.461,45 17.805,87 3.224,10 2,21 99,65 1.652,50
6. Facilities 1.338,24 9.475,65 8.860,37 6,62 74,74 744,20
7. Insulations 200,54 1.829,58 511,71 2,55 14,49 225,59
8. Coatings 1.317,60 14.567,37 5.865,31 4,45 145,40 2.412,00
9. Equipment 55,16 752,99 736,10 13,34 2,62 46,59
10. Waste manag. 11,00 275,68 66,40 6,04 0,00 0,00
11. Health and safety 34,47 263,34 808,64 23,46 2,46 21,70
12. Furniture 509,00 7.533,65 3.803,50 7,47 16,00 270,50
Total 7.298,02 81.195,11 27.979,40 3,83 396,55 6.018,47
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4 Conclusions
In this work, the sustainability performance of a Product-Service System was addressed
using LCSA approach. Links between life cycle stages of a clothing retail service and
the clothing retail store in which service will be operated, were identified. The study
Fig. 3. Percentage distribution of the impact caused by the activities involved in the service
creation.
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was focused on the service implementation stage, which is coupled to the product and
construction stages of the clothing retail store.
A set of appropriate indicators were selected to assess each sustainability dimen-
sion. Results showed that activities associated to Partitions, Facilities and Coatings
accumulate the highest impact and should be conveniently reviewed to achieve an
effective improvement of the PSS sustainability.
This method could be applied to assess the sustainability of other similar services in
which a space is conveniently transformed in a store within the implementation stage.
A wider list of indicators can be selected if a closer impact knowledge is required.
The activities and resources used during the implementation stage will be different
depending of the sale product and the service provided, but is proposed the sequential
development of stages which had been described in this work.
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ESTUDIO DE LA SOSTENIBILIDAD DE UN SISTEMA PRODUCTO-SERVICIO 
CREACIÓN DE UN PEQUEÑO ESPACIO COMERCIAL DE VENTA DE ROPA




Se ha aplicado la metodología de Análisis de la Sostenibilidad del Ciclo de Vida (ASCV) para 
evaluar las dimensiones mediambiental, económica y social de la sostenibilidad.
ASCV = ACV-M + CV-C + ACV-S.
En cada dimensión se han seleccionado una serie de indicadores para medir la sostenibilidad 
Se propone un enfoque basado en el ciclo de vida y se identifican las etapas que lo 
componen tanto en el producto como en el servicio. Las etapas de: 1. Implementación, 
2.Operación y 3. Desmantelamiento representan el ciclo de vida de un servicio y  las etapas 
de Producto, Construcción, Uso y Final de vida son las consideradas en el ciclo de vida de 
un producto. Este planteamiento se aplica en un sistema formado por un servicio de venta de 
ropa y un producto que es el resultante de la construcción del local comercial donde se 
desarrollará el servicio.
En la siguiente Figura se muestran las relaciones identificadas entre los ciclos de vida de 
ambos, producto y servicio.
3 CASO DE ESTUDIO
Se analiza un servicio de asesoramiento y venta de ropa al por menor para mujeres de un nivel 
adquisitivo medio-alto que se desarrolla en un local de 65 m² situado en el centro de una 
ciudad mediana.
3.1 Objetivo y alcance
Dentro del ciclo de vida del servicio, el estudio se centra en la fase de implementación. En el 
proceso de creación del servicio están involucradas dos etapas del ciclo de vida de la tienda: 
producto y proceso de construcción. Se tienen en cuenta todas las actividades y materiales 
necesarios para la creación del servicio. La unidad funcional es 1 m².
3.2 Inventario
Las actividades se organizan en diez grupos. En cada caso, se determinan datos de consumo 
de energía y de emisiones de CO2, costes asociados a materiales, máquinas y mano de obra, 
trabajadores que intervienen en la fase de construcción, tiempos de trabajo y salarios
INDICADORES DE SOSTENIBILIDAD:
Dimensión medioambiental:
GWP100 (KgCO2-eq) - Potencial de 
Calentamiento Global
GE (MJ) - Energía Global
Dimensión económica:
PEM (€) - Presupuesto de Ejecución Material
EE (€/KgCO2-eq) - Eco-eficiencia
Dimensión Social:
Tt (h) - Tiempo de trabajo
ACTIVIDADES DE LA CREACIÓN:
1 Desmontaje
2 Solera











Trabajadores de la construcción
Aplicando la metodología ACSV, se ha logrado evaluar la sostenibilidad de la fase implementa-
ción de un servicio de venta de ropa.
La fase de implementación está estrechamente vinculada a la de construcción del local 
comercial donde se realizará el servicio.
Se seleccionaron una serie de indicadores apropiados para evaluar cada dimensión de la sos-
tenibilidad.
Los resultados mostraron que las actividades asociadas a las particiones, instalaciones y re-
vestimientos causaron el impacto más alto y deberían ser revisadas convenientemente para 
alcanzar una mejora efectiva de la sostenibilidad del SPS.
4 CONCLUSIONES
Los servicios y los Sistemas Producto-Servicio (SPS) presentan cada vez más interés para 
todo tipo de actividades económicas.
Los servicios son capaces de proveer utilidad a los consumidores de la misma manera que lo 
hacen los productos.
Se requieren métodos de diseño sostenible que no cuantifiquen solamente los impactos 
ambientales asociados a productos.
3.3 Evaluación del impacto
3.4 Interpretación de los resultados
Los grupos de actividades asociadas a 5. Particiones, 6. Instalaciones y 7. Revestimientos 
acumulan más del 60% del impacto total en los indicadores de GWP100 y PEM y más del 80% 
en el indicador Tt.
Planeta Beneficio económico Sociedad
Creación de la tienda donde se va a desarrollar el servicio
GWP100












111,7 1243,4 428,4 3,8 6,1 92,1
Dimensión medioambiental Dimensión económica Dimensión social


Diseñando soluciones más sostenibles:  
evaluación de sostenibilidad de servicio cultural 
 
Natalia Muñoz López, Anna Biedermann, Olalla Díez Pérez,  




El diseño con criterios sostenibles es actualmente aplicado no sólo a sistemas producto, sino 
también al diseño de servicios y Sistemas Producto-Servicio (SPS). En este trabajo, se evalúa la 
sostenibilidad de la etapa de implementación de un servicio cultural dedicado a la realización de 
exposiciones. Además de los aspectos medioambientales, se estudian aspectos económicos y sociales a 
través de un conjunto de indicadores apropiados. Se analizan todos los productos, actividades y procesos 
necesarios para acondicionar un espacio expositivo de 2500 m2 en el que los visitantes puedan aprender y 
disfrutar del contenido de la exposición. 
 
Contenido  
Los Sistemas Producto-Servicio (SPS) son actualmente objetivo de estudio por parte de 
diseñadores, investigadores y responsables de un amplio número de actividades económicas, ya que se 
presentan como soluciones prometedoras para alcanzar sistemas más sostenibles.  
 
Evaluar impactos y analizar los factores que afectan la sostenibilidad de este tipo de sistemas es esencial 
para afrontar su diseño. Sin embargo, los métodos existentes para evaluar la sostenibilidad están 
principalmente orientados a producto y apenas son aplicados a otros sistemas. Y, en muchos casos, solo 
abordan los aspectos medioambientales, sin tener en cuenta un estudio simultáneo de las tres dimensiones 
que integran la sostenibilidad: ambiental, económica y social. 
 
En este trabajo, se evalúa la sostenibilidad de la etapa de implementación de un servicio cultural dedicado 
a la realización de muestras y exposiciones. Para ello se utiliza el método de Análisis de la Sostenibilidad 
del Ciclo de Vida (ASCV). Se analizan todos los productos, actividades y procesos necesarios para crear 
un espacio expositivo de 2500 m2 en el que los visitantes puedan aprender y disfrutar del contenido de la 
exposición. 
 
Para evaluar cada una de las dimensiones de la sostenibilidad se han seleccionado y determinado un 
conjunto de indicadores: las emisiones de gases de efecto invernadero (indicador de calentamiento global) 
en la dimensión ambiental, el presupuesto de ejecución material en la dimensión económica y el tiempo 
de trabajo en la dimensión social. Dentro de los grupos de stakeholders que intervienen en esta etapa del 
ciclo de vida del servicio, se ha seleccionado la categoría de los trabajadores. 
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to	 develop	 initiatives	 in	 order	 to	 improve	 their	 sustainability.	 In	 this	 work,	 a	 methodology	
consisting	of	 three	main	phases:	 sustainability	assessment,	 redesign	process	and	comparison	
of	designs,	is	proposed	to	obtain	more	sustainable	product	designs.	Methodology	is	based	on	
the	 Life	Cycle	 Sustainability	Assessment	 (LCSA)	 approach,	which	 is	 applied	 to	 simultaneously	
evaluate	 environmental,	 economic	 and	 social	 aspects.	 In	 addition,	 the	 sustainability	
improvement	 of	 the	 furniture	 of	 a	 clothing	 retail	 store	 is	 addressed.	 A	 set	 of	 indicators	 are	
considered	to	evaluate	the	sustainability	performance	of	both	initial	design	and	redesign.	The	
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